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Terahertz metamaterials become increasingly important as they can be made into various devices 
to manipulate terahertz waves in novel approaches, which cannot be realized by the natural 
materials. It is a critical problem that the metamaterials are limited in the narrow working band 
arising from the resonance properties. In order to cover a broadband working frequency band, 
this study covers the metamaterials design, fabrication, and characterization from two 
dimensional (2D) to three dimensional (3D) forms to achieve the resonance tunability by 
different means. A novel 3D ‘metamaterials tube’ design was proposed and investigated for the 
first time to achieve passive broadband resonance tunability.  
 
2D metamaterials with symmetry breaking were investigated to show the influence of structural 
parameters on the resonance behaviors. Laser micro-lens array lithography, which is a fast-speed 
fabrication means in parallel mode, was used to fabricate the terahertz metamaterials on the 
silicon substrates. A new characterization method, which measure polarization dependent loss, 
was applied to eliminate the side effect of the substrates on the detection, which can provide only 
the transmission properties of the metamaterials. Hybrid metamaterials, which combine several 
metamaterial unit cells designed with different structural parameters, were also studied to realize 
the broadband resonance performance. 
 
In order to reduce the loss in the terahertz metamaterials, thin flexible multi-layer metamaterials 
were designed and constructed on the transparent polyethylene naphthalate (PEN) substrates. 
VII 
 
Two different 3D multi-layer metamaterials were made to achieve (1) enhanced resonance up to 
10,000 times and (2) broadband resonance with the spectral bandwidth up to 0.38 THz. 
 
3D metamaterials tubes by rolling up the 2D metamaterials into non-planar forms, were proposed 
to achieve a passive resonance tunability with blue-shift (a new finding) by varying the diameter 
of the metamaterials tube flexibly. This method can tune the resonance frequency from 0.75 to 
1.13 THz, which is 2.5 times larger than the best published result so far which works in active 
tuning modes. This novel metamaterials tube can extend the resonance frequency range to cover 
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Chapter 1 Introduction 
 
 
Electromagnetic wave has a lot of important applications in our daily life, such as 
communications, security check, and quality assurance. There are two components of the 
propagating electromagnetic wave, electric field and magnetic field. When the electromagnetic 
wave interacts with materials, only the electric field is effective in probing the atoms whereas the 
magnetic interaction is typically weak. In order to explore the potential applications of the 
electromagnetic wave, metamaterials were proposed and designed to obtain the unique optical 
properties. Metamaterials are the artificial materials with rationally designed properties that 
allow both field components of the electromagnetic wave to couple with meta-atoms and enable 




Terahertz wave (0.1 ~ 10 THz, 1 THz = 1×1012 Hz) is the electromagnetic wave which frequency 
is between the microwave and infra-red regions as shown in Fig. 1.1. Terahertz wave remains the 
least explored electromagnetic spectrum because of the technical difficulty in making efficient 
terahertz sources, optics, and detectors. Optical technologies have made tremendous advances 
from the high frequency side, while microwave technologies have explored the electromagnetic 
wave at the low frequency side. However, the functional devices that are necessary for operating 
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in the terahertz regime, such as sources, lenses, switches, modulators, and detectors, largely do 
not exist, [1] so that the terahertz band is also called as the ‘terahertz gap’.  
 
 
Figure 1. 1 Terahertz wave in the electromagnetic spectrum. 
 
This technological gap has been rapidly diminishing for the last two decades in respects of 
sources and detectors, such as terahertz quantum cascade lasers, [2] and terahertz time domain 
spectroscopy (THz-TDS). [3] However, the development of terahertz optics to control and 
manipulate terahertz waves is not sufficient, which impedes the applications of terahertz waves. 
It is because the major naturally occurring materials, including metal, semiconductor, and 
insulator, inherently do not respond to the terahertz waves. In this sense, the materials have to be 
designed by the human beings if we would like to manipulate the terahertz wave. 
 
Metamaterials, which are the artificially designed materials, have drawn dramatic research 
interest recently. [4, 5] Literally ‘metamaterials’ stands for ‘materials beyond the naturally 
occurring materials’ in terms of its unique optical properties. The development of metamaterials 
has led to the realization of unique phenomena that cannot be obtained with the naturally 
occurring materials. This is especially important for the terahertz frequency band which can be 
used to realize terahertz functional devices. The properties of naturally occurring materials are 
essentially determined by their chemical elements and bonds inside the materials. Different from 
the naturally occurring materials, the properties of the metamaterials are not primarily dependent 
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on the intrinsic properties of the chemical constituents, but rather on the dimensional structures 
of the metamaterials unit cells. These artificial structures function as the atoms and molecules in 
the traditional materials. The metamaterials can produce fascinating optical properties which are 
unavailable in the naturally occurring materials when they interact with the electromagnetic 
wave.  
 
1.2 Literature reviews 
 
Metamaterials have become an extremely active research area because of the possibility of 
creating artificial materials, which exhibit novel electromagnetic responses. By opening a new 
electromagnetic response regime, metamaterials offer great opportunities in improving existing 
optical designs along with exploring unprecedented applications. The research breakthroughs 
and visions proposed so far include negative refractive index materials [6], superlens [7], and 
cloaking [8] etc. Because metamaterials research has recently emerged, fundamental studies, 
novel designs, and advanced applications of metamaterials have not fully explored. It is believed 
that this novel research field will have great impact on both the physics and engineering 
disciplines. 
 
This thesis focuses on the metamaterials in the terahertz regime. Although metamaterials were 
firstly studied in the microwave regime, they are of particular interest in the terahertz regime, 
where most naturally occurring materials do not exhibit desired electromagnetic responses, thus 
metamaterials can be made into terahertz devices to control and manipulate terahertz wave. 
Various types of sub-wavelength metamaterials have been theoretically designed and 
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experimentally demonstrated in terahertz regime, such as thin metallic wires,[9-11] Swiss rolls, 
[12,13] pairs of rods and crosses,[14-18] fishnet structures,[19-23] and split ring resonator [24-
28]. Among these resonant structures, split ring resonator (SRR) is one of the most common 
metamaterials designs composed of metallic rings with gaps, which was theoretically introduced 
by Pendry et al. [29] and experimentally verified by Smith et al. in 2000 [30] in microwave 
regime. Afterwards, various designs of SRRs were presented as shown in Fig. 1.2.[31, 32] The 
noble metal in the terahertz regime can be treated as perfect electric conductors and the 
resonance property of SRR is determined by the dimensional parameters, these SRRs structures 
are scalable to operate over the most of electromagnetic spectra from microwave to optical 
frequency. [33] 
 
Figure 1. 2 Various kinds of SRR metamaterials designs. 
 
SRRs were originally designed and utilized for magnetic responses [34-38]. When the magnetic 
field of the electromagnetic wave is normal to the plane of the SRRs, oscillation currents are 
induced within the ring, resulting in an out-of-phase or negative magnetic response above the 
resonant frequency [39]. A potential limitation of SRRs to be used for the magnetic response at 
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terahertz and higher frequencies is that the magnetic field needs to be perpendicular to the SRR 
plane for full magnetic field coupling. However, the electromagnetic waves are usually incident 
normal to the planar SRR structure with the magnetic field lying in the SRRs plane, which does 
not excite the magnetic resonance directly. Nonetheless, the first terahertz metamaterials was 
experimentally demonstrated by Yen et al. in 2004, showing a strong magnetic response by using 
a single planar layer of double SRRs arrays. [40] The electric field was aligned parallel to the 
gap-bearing side of the SRR. By scaling down the SRR size, similar measurement has been 
performed with single SRRs showing a magnetic resonance at mid- and near-IR. [41, 42] The 
scaling rule breaks down beyond ~200 THz due to the fact that the metal cannot be treated as 
perfect electric conductor any more as the electron movement cannot catch up the phase change 
of terahertz wave. [43] 
 




= , where the inductance resulting from the current path of the SRR and capacitance 
is mainly determined by the gap size of the SRR and the dielectric properties of the surrounding 
environment. [44] With the polarization of the electric field parallel to the gap-bearing side of the 
SRR, three resonances are presented, an LC resonance at a lower frequency associated with 
circulating current and a dipole resonance at a higher frequency, as well as a higher order mode 
resonance, as shown in Fig. 1.3. [45] The dielectric constant of the surrounding environment 




Figure 1. 3 Transmission spectra of SRR metamaterials with LC, dipole, and 
quadrupole resonance.[43] 
 
To date, the majority of the terahertz metamaterials has been fabricated on semiconductor 
substrates, such as high resistivity silicon and GaAs.[46, 47] Recently, patterning of the SRR 
metamaterials has also been realized on soft polymer substrates, such as PEN and PET films, 
which are highly mechanically flexible and optically transparent to terahertz wave, providing a 
promising way to fabricate non-planar terahertz metamaterials. However, the single layer 
metamaterials raise the issue of lack of magnetic coupling in the case of the normal incident 
terahertz wave. Fully coupling between the magnetic field and metamaterials requires the SRR 
structures ‘stand up’ on the supporting substrates with an angle of 90º. In this sense, the novel 
manufacturing methods are required to fabricate these complicated metamaterials design for the 
advanced applications. Recently, out-of-plane terahertz chiral metamaterials were fabricated by 
using electro-plating and 2pp polymerization techniques. [48, 49]  
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Terahertz time domain spectroscopy (THz-TDS) is one of the most commonly used techniques 
to characterize the terahertz metamaterials. The typical THz-TDS is broadband characterization 
system with the spectrum covering from 0.1 to 3.5 THz. THz-TDS can provide the information 
on amplitude and phase of the electric field of terahertz wave in both transmission and reflection 
modes. Therefore, far-field information can be obtained by this measurement method which 
enables the extraction of the effective permittivity and permeability. Meanwhile, the near-field 
and current distribution are helpful to understand the working mechanisms of SRRs but still 
challenging in characterization as there is not an effective measurement method so far.  
 
As the major naturally occurring materials do not show desired resonance in terahertz regime, 
which is defined as ‘terahertz gap’, the applications are immense in terms of potential terahertz 
devices made of metamaterials.  A variety of terahertz metamaterials devices have been proposed 
to control the terahertz wave, such as absorbers, [50] waveplates, [51] switches, [52] modulators, 
[53] sensors, [54] and memory devices, [55]. The presence of either a negative permittivity or 
permeability in the metamaterials can be exploited to implement a frequency stop-band as there 
is not a permitted propagation mode under this condition. In this sense, a terahertz filter can also 
be made. By exploring the imaginary parts of the permittivity and the permeability, a terahertz 
absorber can be realized by maximizing the loss. Due to the strong birefringence effect, a 
terahertz waveplate can be constructed at certain frequencies. In order to broaden its working 
frequency range, the narrow band waveplate can also be combined together to realize a 
broadband waveplate. [56] Terahertz metamaterials have shown to have increasingly important 
applications. It is believed that more terahertz devices based on metamaterials will be developed 




In many cases, it is proven that metamaterials based terahertz devices outperform their 
conventional counterparts. However, their performance is restricted to a narrow spectral band 
that is not suitable for the broadband terahertz system due to their resonance properties. The 
value of terahertz metamaterials will be enhanced largely if frequency tunability or broadband 
schemes can be incorporated. A few works on the tunable metamaterials have been carried out 
by different actively controlling means, such as current, voltage, and infra-red beam etc. [57-59]  
 
1.3 Research motivation 
 
Terahertz has a lot of applications in security check, bio-medical imaging, quality assurance, and 
circuit failure analysis, etc. However, terahertz devices are still immature nowadays due to the 
naturally occurring materials do not show the expected response to terahertz wave. Therefore, we 
have to make metamaterials to control and manipulate terahertz wave.  
 
In the roadmap of metamaterials development, there are three key challenges to be solved to 
fully explore the potential applications of SRR metamaterials, (1) how to tune the resonance 
frequency by an efficient means, (2) how to assemble the bulk metamaterials, and (3) how to 
reduce the transmission loss. 
 
Due to their resonance property, SRR metamaterials always work in a narrow frequency band, 
which limits the applications of metamaterials in the terahertz regime. It would be valuable to 
develop a frequency tunable metamaterials to work in several frequencies or even broadband, 
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which can facilitate the broader applications of the SRR metamaterials. In the previous 
publications, the conventional tunable metamaterials always employ external control sources, 
such as current, voltage, light, and magnetic field, which are called as active tuning. Although 
the resonance frequency can be tuned effectively, the sizes of the metamaterials based terahertz 
devices are increased by combining these external control sources. To make the compact devices 
is the trend of the terahertz techniques. In this sense, how to realize the passive tuning method 
will be explored. Without the external control sources, the size of the devices can be reduced.  
 
The noble metals can be treated as perfect electric conductors in the terahertz regime, so that the 
resonance frequency depends mainly on the dimensional parameters. Terahertz metamaterials 
can be scaled up or down to work in a higher or lower frequency. By combining the 
metamaterials with different dimensional parameters, broadband metamaterials can be designed 
and fabricated. Furthermore, the metamaterials based terahertz devices can extend their working 
frequencies into broadband. 
 
Silicon and quartz were used as the substrate in the rigid 2D planar form. In order to reduce the 
loss when terahertz wave propagates through the substrates, PEN film, which is much thinner 
with a lower refractive index, replaces the silicon substrate. Besides reducing the loss, the 
flexibility of the PEN films can also be explored, which extends the form of the metamaterials 
from rigid 2D form into various shapes. This also provides a promising way to fabricate 3D bulk 
metamaterials. As the development of terahertz technology, the metamaterials will play an 




1.4 Organization of thesis 
 
This thesis is directed towards to the design, fabrication, and characterization of terahertz 
metamaterials in 2D and 3D forms and optimization of the metamaterials with tunable, broad 
working frequency band or the enhanced resonance properties for novel terahertz applications. 
 
Chapter 2 is a brief description of the fundamental physics of metamaterials. The dispersion 
relations for the permittivity and permeability are presented and the influence of dimensional 
parameters on the resonance properties is discussed. The mutual coupling among the neighboring 
metamaterials unit cells, which has a significant influence on resonance is also discussed. 
 
Chapter 3 shows the experimental techniques to fabricate and characterize the terahertz 
metamaterials. The terahertz metamaterials were made by laser micro-lens array lithography, 
which facilitates a fast-speed and high quality micro-fabrication process. The characterization 
was carried out by a terahertz time domain spectroscopy (THz-TDS) in transmission mode.  
 
Chapter 4 presents the fabrication of terahertz wire-grid polarizer and split ring resonators (SRRs) 
metamaterials. Wire-grid polarizer has a high polarization factor over a broadband from 0.1 to 
3.5 THz, which is better than the commercial products. The wire-grid polarizer was used in the 
following polarization dependent loss (PDL) characterization of metamaterials to adjust the 
incident terahertz wave polarization.  SRR metamaterials were fabricated by the laser micro-lens 
array lithography and characterized in terms of PDL, which can eliminate the influence of 
substrate on the transmission spectrum. The research work presented in this chapter has been 
 11 
 
published in Applied Physics A, Journal of Nonlinear Optical Physics & Materials, and Applied 
Optics. 
 
Chapter 5 studies structurally tunable terahertz metamaterials and hybrid metamaterials. The 
resonance frequency can be tuned flexibly by changing the variable gap size of SRR. By 
combining the SRRs at different gap sizes together, a broadband resonance is realized. The 
mutual coupling among the neighboring SRRs is also taken into consideration. The research 
work presented in this chapter has been published in Applied Physics Letters and Optics Express. 
 
In Chapter 6, multi-layer metamaterials, which is one form of 3D metamaterials, were 
investigated based on the results of the previous 2D metamaterials obtained. Two types of multi-
layer metamaterials were fabricated: the first metamaterials consist of the identical design in 
each layer to achieve an enhanced resonance and the other metamaterials are with the different 
designs in each layer to realize the improved broadband resonance. There is no mutual coupling 
among different metamaterials layers, which avoids the complexity in the design of 
metamaterials. The research work presented in this chapter has been published in Optical 
Materials Express and Optics Express. 
 
In Chapter 7, a novel design of 3D metamaterials, “metamaterials tube”, was designed, 
fabricated, and characterized for passive resonance frequency tunability with a blue-shift by 
varying the diameter of the metamaterials tube. The tuning frequency range is as large as twice 
of the best results which have been reported so far according to our best knowledge. Besides the 
tunability, the metamaterials can also serve as an ultra-sensitive detector for materials 
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identification. The change of the inner refractive index as small as 0.0075 can be detected by 
combining the metamaterials tube and a conventional THz-TDS. The research result has been 
submitted to Nature Communications and is under peer review at the time of thesis ready for 
submission. 
 
Chapter 8 gives a summary of the research contributions and proposes the future work scope on 
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Chapter 2 Physics on Terahertz Metamaterials 
 
 
2.1 Definition of metamaterials 
 
Metamaterials are defined as artificial electromagnetic structures with unusual properties, which 
are not available in the nature. The period p of the metamaterials structure is much smaller than 
the incident wavelength λ. Typically when p < λ/4, the structure can be treated as effective 
homogeneity. In this condition, the structure behaves as a real material in the sense that the 
incident electromagnetic wave is essentially myopic to the lattice and only probes the average, 
namely effective and macroscopic constitutive parameters, which depend on the nature of the 
unit cells. Therefore, the refractive phenomena dominate scattering and diffraction as the 
structure is uniform along the direction of terahertz wave propagation. The constitutive 
parameters are the permittivity ε and permeability μ, which are related to refractive index n by 
the following equation: 
 
𝑛 = ±√𝜀𝜇.                                                               (2-1) 
 
In the free space, the permittivity and permeability are 𝜀0 = 8.85 × 10−12 and 𝜇0 = 4𝜋 × 10−7, 
respectively. The sign of ± for the double valued square root function is admitted for generality. 
There are four possible sign combinations in the pair (ε, μ), which are (+,+), (+,−), (−,+), and 
(−,−), as illustrated in Fig. 2.1, where the combination I is well known in conventional materials 
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and the combination III with simultaneously negative permittivity and permeability corresponds 
to the left-hand materials with negative n. [1, 2] 
 
Figure 2. 1 Classification of metamaterials.[2] 
 
2.2 Dispersive permittivity and permeability 
 
The history of metamaterials started in 1967 with the visionary speculation on the existence of 
‘substances with simultaneously negative values of ε and μ, by the Russian physicist Viktor 
Veselago. [3] In his paper, Veselago called the materials as left-hand (LH) materials to express 
the fact that they would allow the propagation of electromagnetic wave with the electric field, 
magnetic field, and the phase vectors building an LH triad, while the conventional materials 
where this triad is right-handed. He also pointed out the difficulty to assemble such LH materials 
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as there is no material with a negative μ at that time. 30 years after the Veselago’s paper was 
published, the first LH material was demonstrated experimentally by D.R. Smith and his 
colleagues [4] according to the theoretical work by J. Pendry et al.[5] Pendry introduced the 
plasmonic-type negative-ε/positive-μ and positive-ε/negative-μ structures. The structure with 
negative-ε/positive-μ is called thin wire (TW) structure, while the structure with positive-
ε/negative-μ is named as split ring resonator (SRR) as shown in Fig. 2.2. 
 
 
Figure 2. 2 (a) Thin wire (TW) structures and (b) split ring resonator (SRR) structures. 
 
If the excitation electric field E is parallel to the axis of the wires to induce a current along 
them and generate equivalent electric dipole moments, the TW structure exhibits a 
plasmonic-type permittivity frequency function with the forms:   
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where peω is the tunable electric plasma frequency in gigahertz range and ζ is the dampling 
factor due to metal loss. It is clear from the dispersion relation above that Re( ) 0rε <  for 
2 2 2
peω ω ζ< −  and if 0ζ = then ( ) 0rε < for peω ω< . 
 
If the magnetic field H of the incident electromagnetic wave is perpendicular to the plane of 
the SRR so as to induce resonant current in the loop and generate equivalent magnetic dipole 
moments, the metamaterials exhibit a plasmonic-type permeability frequency function in the 
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=                                                 (2-7) 
where a is the outer dimension of the SRR unit cell, p the period of the SRRs metamaterials, 
w the line width of the SRR structure, and t the thickness of the SRR.  
 
It should be noticed that the resonance of the SRR structure is not induced by the magnetic 
field of the incident terahertz wave, while the SRR structures are not made of the magnetic 
conducting materials. From Eqs. (2-2) ~ (2-4), it can be found that a frequency range in 








ω ω ω< < =
−
                                              (2-8) 
where pmω  is the magnetic plasma frequency. 
  
2.3 Resonance properties of metamaterials 
 
2.3.1 Resonance properties of single SRR 
 
Split ring resonator (SRR) is one of the typical designs of terahertz metamaterials, which consists 
of the metallic ring with a split or several splits. A schematic of single SRR with labeled 
dimensions is presented in Fig. 2.3 (a). 
 
Figure 2. 3 (a) Schematic of a single split ring resonator and (b) the analogy of a 




A single SRR can be treated as an LC oscillator that consists of a magnetic coil of inductance L 
and a capacitor C as shown in Fig. 2.3 (b). The fundamental resonance of SRR can be given as 
the LC resonance fR with the following equation: 
1
Rf LC
= .                                      (2-9) 
The capacitance C is determined by the gap size g, cross-section area S, and the permittivity of 
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where k is Boltzmann constant. 
 




µ= ,                                                   (2-11) 
where μ0 is the permeability of the surrounding environment of the SRR. 
 











= .                                                   (2-12) 
From equation (2-9), it can be found that the resonance frequency depends on the area of SRR ab, 
the line width w, and the gap size g. By varying the gap size g, the resonance can be tuned. By 
scaling up or down the outer dimension of the SRR, the resonance frequency can also be 
changed from microwave to optical frequency regime. However, in the frequency regime higher 
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than 100 THz, the reciprocal relationship between the resonance frequency (fR) and the structural 
size ( ab ) is no longer held due to the saturation of the limited free electron kinetic energy. [6] 
 
The strength of the resonance is denoted by the Q factor, which is determined by 
 1/21 ( )LC
LQ
R C
= ,                                                        (2-13) 
where R is the resistance of the SRR. The larger the Q factor, the stronger the resonance. The 
strong resonance is useful in sensing and detection applications. 
 
2.3.2 Mutual coupling among the SRRs arrays 
 
In the previous session, the SRR is treated as the individual resonator and its resonance 
properties are discussed. In the real case, the mutual coupling among the SRRs arrays also plays 
an important role in the metamaterials – electromagnetic wave interaction in terms of coupling 















= • .                                                  (2-14) 
There are two key factors which influence the mutual coupling, the distance among the SRRs 




When the period p of the SRRs array is large enough (p>2a and 2b), the mutual interaction is 
weak which can be ignored. However, when the distance between the neighboring SRRs gets 
smaller, the mutual capacitive interaction becomes larger. In the hybrid metamaterials design in 
Chapter 5, the mutual coupling is taken into consideration, which is caused by the small distance 
between the neighboring SRRs. The smaller the period, the stronger the mutual coupling. 
 
The angle between the neighboring SRRs also affects the resonance significantly. The inductive 
mutual coupling is determined by the area projection of the neighboring SRRs, which is given by 







∑ ,                                           (2-15) 
where θ is the angle between the neighboring SRRs. The mutual coupling is a combining effect 
of all the SRR unit cells which interact each other. 
 
In summary, the resonance properties of SRR terahertz metamaterials are mainly determined by 
the dimensional parameters of the single SRR unit cell. Meanwhile, the mutual coupling among 
the SRRs should be taken into consideration in terms of constructive and destructive couplings. 
 
2.4 Response saturation of split ring resonators 
 
As the response of SRR metamaterials is determined by their dimensional parameters, the 
resonance frequency can be shifted to the higher or lower frequencies by scaling the size down or 
up, respectively. However, there is a limitation of this frequency dependence of the dimensional 
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parameters. The materials used in the SRR metamaterials are polymer dielectric and metal. 
Although the dielectric materials show the frequency dependence of their material parameters, 
metal limits the operation of the SRR in the higher frequency range. The theoretical study has 
been carried out to study this limitation in the optical frequency range. [8] 
 
The SRRs chosen are with the different designs of one gap, two gaps, and four gaps as shown in 
Fig. 2.4 (a). The relationship between the SRR size and the resonance frequency is presented in 
Fig. 2.4 (b). It can be found that the resonance is getting saturated when the size of the SRR unit 
cell is smaller than 55 nm. This means that the linear relationship between the resonance 
frequency and the size of the SRR is not valid at the visible frequency range. Although adding 
more gaps can help keep this relationship to higher frequency, it still cannot reach the frequency 
regime high than 600 THz even with a four gaps SRR. This proves that SRR structure cannot 
operate at optical regime. 
 
This is because the electrons inside the SRR cannot response to the phase change of the incident 
terahertz wave. With the decreasing size of the unit cell, pmω  moves to the higher frequency but 
it does not follow a linear relationship with the size. The movement of pmω  is slower than that in 
the linear case. The resonance also becomes broader and weaker due to the losses that are 
increasing linearly with the resonance frequency. With the weaker resonance, the amplitude of 
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In this chapter, detail experimental procedures employed for the fabrication and characterization 
of terahertz metamaterials are discussed. The fabrication processes include spin-coating of 
photoresist, laser micro-lens array lithography, electron beam evaporation, and lift-off. The 
characterization processes were carried out by microscope, scanning electron microscope (SEM) 
and terahertz time domain spectroscopy (THz-TDS). 
 
3.2 Sample preparation 
 
Three kinds of substrates were used in this work. They are (1) n-type silicon wafers with the 
resistivity of 8~12 Ω·cm-1 at a thickness of 300 µm, (2) quartz at a thickness of 400 µm ,and (3) 
polyethylene naphthalate (PEN) films at a thickness of 100 μm. The difference between these 
three substrates will be presented later. To eliminate the samples from possible contamination, 
the substrates were cleaned by immersing them into the ultrasonic bath with Isopropyl Alcohol 
(IPA), Aceton, and De-ionized water (DI water) in sequence for 30 minutes each. 
 
Then the substrates were coated with the photoresist. The photoresists used in this work are 
S1822 and S1805. Both are positive resist.  
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The photoresist was coated onto the substrate (silicon or PEN) by a spin coater. A few droplets 
of the photoresist were applied on the surface of the substrate until it covers 80% of the surface 
area of the whole substrate firstly. Then the spin coating is basically a two-step process. For the 
photoresist S1822, the first step is a 10 seconds spinning at a speed of 1000 rpm to ensure the 
deposited resist spreading out uniformly over the whole surface of the substrate, while the 
second step is a 45 seconds spin coating at a speed of 5000 rpm. The second step dominates the 
final thickness of the spin-coated photoresist on the substrate. For the photoresist S1805, the first 
step is a 10 seconds spinning at a speed of 800 rpm and the second step is a 45 seconds spin 
coating at a speed of 4500 rpm. In this study, the thickness of the photoresist was characterized 
as ~1 μm for the S1822 and ~500 nm for the S1805 by a step profiler. This was then followed by 
a soft-bake process by using a hotplate. The temperature was set at 110°C and the baking 
duration was set as 2 minutes. The purpose of the soft-bake is to evaporate excess solvent within 
the resist, so as to improve the adhesion of the photoresist to the sample. [1] 
 
It should be noted that, due to the surface tension, photoresist is always not uniform distributed at 
the sample edge. However, in the subsequent exposure experiment, the sample edge with the 
non-uniform photoresist is out of the exposure area and hence the influence of the thickness non-
uniformity can be avoided. 
 
In order to ensure that the spin-coated photoresist has a consistent thickness after the spin-
coating process, a portion of the photoresist was removed and the thickness of the resist was 
measured by using a step profiler, as shown in Figure 3.1. This step is necessary to determine the 
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exact exposure and resist development time, so that consistent structures can be created from 
batch to batch. 
 
 
Figure 3. 1 Measurement of the film thickness using a step profiler. 
 
 
3.3 Laser micro-lens array (MLA) lithography 
 
Laser micro-lens array (MLA) lithography was used to define the patterns on the photoresist 
layer. [2, 3] It is a parallel exposure technique which can realize more than 10,000 patterns 
simultaneously in a large area with a short exposure time. It was carried out by combining a 
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micro-lens array and UV femtosecond laser. No mask is required as the patterns were realized by 
controlling the stage movement and shutter switching, which can be used to fabricate arbitrary 
patterns flexibly. 
 
Figure 3. 2 Experimental setup of laser micro-lens array lithography. 
 
Figure 3.2 shows the experimental setup of the laser micro-lens array lithography. Laser system 
used for the exposure is Ti:Sapphire second harmonic generation femtosecond laser (Spectra 
Physics Tsunami, Mode 3960, λ=400 nm, τ=100 fs, repetition rate=82 MHz). The laser beam 
emitted from the laser head and passes through an attenuator before it was directed to the 
reflective mirrors and irradiated on the sample through the MLA. The beam splitter/attenuator 
was used to reduce the laser energy going into the system. A mechanical shutter was used to 
control the exposure time. The beam expander was used to enlarge the laser beam size, making it 
cover the whole MLA for a uniform laser beam. The MLA is the key part of this lithography 
system. It is used to split the single incident laser beam into more than 10,000 tiny light beam 
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arrays, which irradiate on the sample surface simultaneously. In the exposure process, the sample 
surface and the MLA must be kept exactly parallel, which was controlled by the tip and tilt 
anises of the stage. This is a parallel fabrication technique which can shorten the fabrication time 
significantly. The sample with photoresist coating was mounted on a 7-axis translation 
nanopositioning stage with numerical computer control. Controlling the stage movement and the 
shutter switching by computer programming, more than 10,000 designed micro-patterns can be 
fabricated on photoresist simultaneously by laser exposure and photoresist development.  
 
Two pieces of MLA were used in the laser MLA lithography. One is with the period of 75 μm 
and the other with the period of 100 μm. The radius of curvature (ROC) of the MLA depends on 
the period. The larger the period, the larger the ROC. The MLA with a smaller ROC has a 
smaller focusing point, which can produce the smaller feature size of the metamaterials 
structures. In this study, the MLA with the period of 75 μm and 100 μm can fabricate the 
metamaterials with the feature size of 400 nm and 1.8 μm, respectively. 
 
The difference of these two pieces of MLA is the line width of the fabricated structures. For the 
one with the period of 75 μm, 400 nm is the minimum line width, while 1.8 μm is the minimum 
line width for the other piece of MLA. The difference comes from the radius of curvature (ROC) 
and numerical aperture. [4] 
 
Development of the exposed photoresist was performed using the MF319 developer. The 
exposed sample was immersed into the developer for ~25 seconds, after which the sample was 
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removed and cleaned with DI water. The final step involves the dry blowing with nitrogen (N2) 
gas to drive off any remaining solutions and clean the sample surface. [5] 
 
3.4 Metal film deposition and lift-off 
 
Two kinds of evaporation methods were used in this work, thermal evaporation and electron 
beam evaporation. 
 
In the thermal evaporation process, the material is heated up until melting by means of an 
electrical current passing through a filament or metal plate where the material is placed. The 
evaporated material is then condensed on the substrate. This technique is simple and suitable to 
deposit metals and some compounds with low fusion temperature, such as Cr and Ag.  
 
Typically, the materials used for filament or metal plate as hot resistance are Tantalum (Ta), 
Molybdenum (Mo) and Tungsten (W), which can bear the high temperature up to 3000 °C. 
During the coating process, the chamber keeps a pressure in the scale of 10-6 mTorr. The 




Figure 3. 3 Schematic drawing of a thermal evaporator. 
 
In an electron beam (E-beam) evaporation system, as shown in Fig. 3.4, the deposition chamber 
is evacuated to a pressure of 10-6 Torr. The material to be evaporated is in the form of ingots. E-
beams can be generated by thermionic emission, field electron emission or the anodic arc method. 
The generated electron beam is accelerated to a high kinetic energy and focused towards the 
ingots. When the accelerating voltage is between 20 ~ 25 kV and the beam current is a few 
Amperes, 85% of the kinetic energy of the electrons is converted into thermal energy as the 
beam bombards the surfaces of the ingots. The surface temperature of the ingots increases, 
resulting in the formation of a liquid melt. Although some of incident electron energy is lost to 
excite X-rays and secondary electron emission, the material vapor evaporates from the melted 





Figure 3. 4 Schematic drawing of an electron beam evaporator. 
 
The ingot is enclosed in a copper or carbon crucible, which is cooled by water circulation. The 
level of the molten liquid pool on the surface of the ingot is kept at a constant by the vertical 
displacement of the ingot. As compared to the thermal evaporator, an electron beam evaporator 
is able to evaporate materials at a much higher fusion temperature, such as Au and Ni. In this 
thesis, Cr, Au, and Cu are the metallic materials used. Au and Cu are for constructing 
metamaterials while Cr is used for adhesion between the Au or Cu structures and the substrates.  
 
Lift-off was performed to transfer the patterns formed on the photoresist layer to the metal film 
layer. After the patterning was made on the photoresist by using laser micro-lens array 
lithography, a layer of thin metal film was evaporated on the top of the patterned photoresist. 
Lift-off was performed by using Acetone at room temperature with the assistance of ultrasonic 
agitation. A negative image of the resist can be transferred to the metal film by using this method. 




It should be noted that, based on practical experience, the maximum metal film which is able to 
be lifted off completely is around one third of the photoresist thickness. [8] In this study, the 
thickness of photoresist is around 1 µm while the thickness of metal layer is set as 100~200 nm. 
 
Figure 3. 5 Schematic diagrams depicting the lift-off process. 
 
3.5 Optical microscope 
 
An Olympus MX-50 optical microscope equipped up to 150 times of magnification and 
connected to a CCD camera fed into a computer with imaging system’s analysis 3.0 image-
acquisition software was used in this project.  
 
3.6 Scanning electron microscopy 
 
Electrons from a thermionic, or field-emission cathode are accelerated through a voltage 
difference between cathode and anode (from 0.1 to 30 keV). The smallest beam size at the virtual 
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source at a diameter of 10 ~ 50 μm from thermionic emission, and a diameter of 10 ~ 100 nm for 
field emission guns, is demagnetized by a two or three stage electron lens system so that an 
electron probe of diameter 1 ~ 10 nm is formed at the specimen surface. Figure 3.6 shows a SEM 
system configuration.  
 
Figure 3. 6 Schematic drawing of a scanning electron microscopy system. 
 
Primary electrons that are striking the sample surface generate secondary electrons (SE), 
backscattered electrons (BSE) and Auger electrons (AE). SE and BSE are usually collected, 
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amplified and detected with a scintillator-photomultiplier detector. Scanning electron microscopy 
(SEM) and Auger spectrometers use similar primary electron columns. In fact, SEM capabilities 
are usually incorporated into an Auger instrument. Separated detectors are required for 
secondary and backscattered electrons. To produce images, these electron signals are measured 
as a function of primary beam position while the beam is scanned in a raster pattern over the 
sample surface.[9] 
 
Interaction of the primary beam with the sample surface creates an excitation volume, in which 
electrons are scattered through elastic and inelastic scattering. Electrons in the elastic collisions 
lose a small fraction of their original energy, but undergo large-angle deflection, which are 
known as BSE (backscattered electrons). While, inelastically scattered electrons lose much of 
their original energy and those with energy less than 50 eV are known as SE (secondary 
electrons). SE provides information on surface topography, and is also used in voltage contrast 
imaging. BSE, on the other hand, provides information on topography and material as the 
intensity of the BSE signal is strongly related to the atomic number of the specimen, while AE 
provides information on the chemical composition of thin film and it is usually used in surface 
analyses. SEM resolution depends on the smallest electron probe spot achievable, while the 
signal-to-noise ratio is determined by the electron probe current, which decreases with probe spot 
size. Therefore, electron optics in SEM is designed to achieve the smallest electron spot with the 
maximum current. The SEM analyses in this work were performed using a Philips XL30 field 





3.7 Terahertz time domain spectroscopy 
 
Terahertz time domain spectroscopy (THz-TDS) is a characterization setup measuring the optical 
properties of materials in terahertz frequency range. The terahertz wave is generated by 
irradiating femtosecond laser pulses onto an antenna mounted on the surface of a low 
temperature growth GaAs (LT-GaAs). Figure 3.7 illustrates the THz-TDS system. [10] The 
current excited in the antenna oscillates and emits the terahertz wave. The detection employs the 
reverse mechanism as the terahertz generation, which transfers the electromagnetic energy in 
terahertz wave to the oscillation current in the receiving antenna. The generation and detection 
schemes are sensitive to the sample materials’ properties on both the amplitude and phase of the 
terahertz pulse. This technique gives extra phase information as compared to the other 
conventional spectroscopy techniques, such as Fourier transform spectroscopy which is sensitive 
only to the amplitude.[11] Furthermore, the terahertz wave is harmless for the biological cells 
and tissues due to its non-ionizing nature. [12] 
 
Figure 3. 7 (a) Schematic illustration of terahertz time domain spectroscopy and (b) 




The THz-TDS used in this thesis is Teraview TPS 3000 with the transmission mode. A mode-
locked Ti:sapphire laser with the pulse width of 10 fs, repetition rate of 100 MHz, and central 
wavelength of 800 nm is focused on the antenna of the terahertz emitter. The fs laser beam is 
split into two beams. One is for terahertz generation and the other one is for detection. When the 
pump pulse irradiates on the terahertz emitter, the electron-hole pairs generated is accelerated by 
a dc voltage of 70 V to generates a single-cycle terahertz electromagnetic wave. The delay line is 
used to control the relative time delay between the gated pulse and the detected terahertz pulse. 
By changing the relative time delay, the time domain spectrum can be obtained with both the 
amplitude and phase information. Two parabolic mirrors are mounted before and after the 
sample to focus the terahertz beam. The terahertz beam is focused to a beam waist with a 
diameter of 0.5 mm at the center. In order to eliminate the water vapor absorption, nitrogen gas is 
purging into the characterization chamber during the experiment. 
 
Figure 3.8 shows the spectrum of terahertz wave generated by the THz-TDS. The spectrum range 
is from 50 GHz to 3.5 THz with the spectral resolution of 0.0075 THz. The minimum signal 




Figure 3. 8 (a) Time domain reference pulse of the THz-TDS system through nitrogen gas, and (b) corresponding 
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Chapter 4 Fabrication of Terahertz Wire-grid 
Polarizers and Polarization Dependent Loss 
Characterization of Terahertz Metamaterials  
 
 
In this chapter, wire-grid terahertz polarizer and metamaterials were fabricated by 
photolithography and laser micro-lens array lithography. The transmission spectra of the 
terahertz devices at different incident terahertz wave polarization states were characterized by a 
terahertz time domain spectroscopy. For the terahertz wire-grid polarizer, a polarization factor of 
0.92 ~ 0.99 with the average value of 0.97 in the frequency range from 0.1 to 3.5 THz was 
obtained, which shows a good performance in the broadband terahertz regime. For the terahertz 
metamaterials, a strong polarization dependent transmission property was observed. Polarization 
dependent loss (PDL) spectrum was characterized to investigate the polarization properties of the 
terahertz metamaterials using the wire-grid polarizer. The PDL characterization can eliminate the 
substrate effect and provide a flexible platform to study the characteristics of free-standing 
terahertz metamaterials. 
 
4.1 Fabrication of high performance terahertz polarizers 
 




With the development of terahertz technology in recent decades, the demand of functional 
devices in the terahertz region is increasing gradually. [1, 2] Terahertz polarizer, which has 
important applications in the terahertz imaging [3] and terahertz spectroscopy [4] has drawn 
significant research interest. There are two methods to realize terahertz polarizers: liquid-crystal 
polarizer and wire-grid polarizer. [5-7] For the liquid-crystal polarizer, the frequency is limited 
to a narrow band (< 1 THz) although it has good polarization properties. Meanwhile, the 
fabrication cost is high due to the complicated structures.[5] The polarizer made of metallic wire-
grids is easier to design and fabricate. Besides the application as a polarizer, the wire-grid 
structures can also be used to make beam splitters, couplers, filters, and phase shifters in the 
terahertz region. [7] The transmission of the wire-grid has a linear relationship with the rotation 
angle. It is easy to control the transmitted terahertz wave energy in a particular polarization 
direction, which is another advantage of the terahertz polarizer based on the wire-grid structures. 
The conventional wire-grid terahertz polarizer was fabricated by winding metallic wires (e.g. a 
Tungsten wire) into thin wires. Then the winding wires were fixed to a frame. The major 
problem of this method is that the polarization factor of the polarizer cannot achieve a high 
enough value over a broadband as a uniform wire-grid period in micrometer scale cannot be 
fabricated. [8] The large wire-grid period limits the polarizer working in the lower frequency 
range, while the non-uniform period affects the polarization properties. Furthermore, such free-
standing wire-grid structure is difficult to be handled as it is fragile, which also limits its 
applications. Therefore, to make the terahertz polarizer on a solid substrate with high 
performance attracts great research interest. The ink direct printing with metallic particles on 
paper, proposed by Hangyo et al, is a simple way to fabricate wire-grid polarizers. [9] However, 
the period and height of the wire-grid were difficult to be controlled. The ink printed wire-grid 
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structures in several hundreds of micrometers result in narrow working frequency range in sub-
THz, which is not able to operate in higher frequency band. Terahertz polarizer made of carbon 
nanotubes array shows an improved performance with the working frequency extended to 1.8 
THz. [10] The main challenge in current wire-grid polarizer research is that the polarizer factor, 
which denotes to the polarizer performance, tends to decrease in the high frequency above 2 THz. 
However, the working frequency of a terahertz time domain spectroscopy (THz-TDS), as the 
widely used spectrometer in the terahertz region, is from 0.1 to 3 THz. In order to cover the 
whole frequency range of the THz-TDS, the working frequency of the wire-grid polarizer needs 
to be extended at least up to 3 THz.  
 
4.1.2  Fabrication of wire-grid polarizers 
 
In the experiment, the wire-grid was fabricated by photolithography and followed by Au wet 
etching. The wire-grid was made of Au due to its good conductivity leading the polarizer to a 
higher performance in the terahertz region as compared to Al, W, Ni, and Cr. The substrate was 
quartz at a thickness of 400 µm. The fabrication results are shown in Fig. 4.1. Although there is 
debris between the Au lines array, it does not affect its performance. The function of wire-grid 
structures is realized by confining the electrons movement along the metallic lines. They do not 
move perpendicularly to the wire-grid structures as long as the debris does not link with the 
neighboring wire grids. The SEM image of the fabricated polarizer with the Au wire-grid on 400 
µm quartz substrate is shown in Fig. 4.1. The inset of Fig. 4.1 illustrates the dimensional 
parameters of the designed wire-grid polarizer. The cross-section view of each wire is assumed 
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to be rectangular. The Au layer thickness d is 150 nm. The period p of the Au wire-grid is 4 µm 
while the filling factor f equals to 0.5. 
 
Figure 4. 1 SEM images of the Au wire-grid terahertz polarizer fabricated by 
photolithography and wet etching. 
 
The key parameters that determine the performance (polarization factor) of a wire-grid polarizer 
are the period and line width. The optimal polarizer can be realized with a period much smaller 
than the wavelength and the wire-grid fill factor is around 0.5 based on the rigorous coupled-
wave analysis (RCWA) theory.[11, 12] The smaller period can result in a higher polarization 














,/ / ,/ /T⊥ ⊥= E ,                                                         (4-2) 
where T┴ is the transmission when incident terahertz wave polarization is perpendicular to the 
wire-grid and T// is the transmission when incident polarization is parallel to the wire-grid. The 
small period benefits in extending the working frequency range.  
 
The wire-grid polarizer was characterized by a terahertz time domain spectroscopy (THz-TDS, 
TeraView, TPS3000). As the terahertz source was made by a photoconductive antenna on a low-
temperature-grown GaAs, the emitted terahertz wave was almost linearly polarized (90% 
polarized). Quartz substrate without the structures was characterized firstly to examine its 
transmittance in the terahertz region. The transmittance of 400 µm thick quartz is larger than 60% 
in the range from 0.1 to 3.5 THz, which can be used as a suitable substrate in the terahertz 
regime. By using quartz as the substrate, the Fresnel reflection is reduced due to the lower 
refractive index (n=2) as compared to the semiconductor substrates in the terahertz region, such 
as the high-resistivity silicon (n=3.4), and GaAs (n=3.3). The fabricated wire-grid polarizer was 
characterized in two orientations: (1) the Au wire-grid parallel to the incident terahertz wave 
polarization, which is denoted as E||, and (2) the Au wire-grid perpendicular to the incident 
terahertz wave polarization, which is denoted as E┴. The sample was mounted between the 
terahertz emitter and detector with normal incidence. 
 




Figure 4.2 presents the incident and transmitted terahertz wave signals. Figure 4.2 (a) shows the 
incident terahertz waveform, which peak value is 8837. This incident spectrum serves as the 
reference. Figure 4.2 (b) shows the transmitted spectrum of E┴. The value of the main peak 
located at 197 ps is 6984. As compared to the incident peak value, the transmission of electric 
field amplitude is 80%. Meanwhile, the waveform keeps unchanged as compared to that of Ein. 
A small peak can be observed at 202 ps at the amplitude of 651. This is attributed to the double 
internal reflections between the two surfaces of the quartz substrate, so that the optical path 
corresponding to the second peak is 
2
2 SiOn d⋅ ⋅ longer than that of the first peak. The fabricated 
wire-grid polarizer has a high transmission characteristic when the incident terahertz wave 
polarization is perpendicular to the wire-grid. Figure 4.2 (c) illustrates the transmitted spectrum 
of E||. The waveform also keeps unchanged from Ein although the peak value reduces 
significantly. The peak value is smaller at the amplitude of 787, which shows the majority of the 
incident terahertz wave energy is not transmitted. The electric field of the incident terahertz wave 
drives the electrons inside the Au wire-grid to move along the wire-grid in the one dimension. 
This electromagnetic interaction between the terahertz wave and Au wire-grid structures results 
in the energy transfer from the incident terahertz wave to the energy of electron oscillation inside 
the Au wire-grid, blocking the terahertz wave.  
 
The transmission spectra in the frequency domain from 0.1 to 3.5 THz are presented in Fig. 4.3. 
The oscillation of the transmission spectrum in the range from 0.1 to 1 THz is due to the internal 
reflection between two surfaces of the quartz substrate. There are two methods to minimize this 
effect. One is to use a thinner substrate. But the thinner substrates are also easy to be damaged 
The other one is to use the substrate with a low refractive index, matching that of the air, can 
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further reduce the oscillation for a smooth spectrum. In the whole characterization frequency 
range, the three transmission curves are nearly parallel except a dip of E|| at ~0.2 THz. This dip 
corresponds to the dipole frequency of a single Au wire. [13] However, this dip does not affect 
the performance of the wire-grid polarizer. In the other range, E┴ shows a transmission higher 
than 60% as compared to Ein, while E|| is two order smaller than Ein. The period of the Au wire-
grid (2 µm) is much smaller than the terahertz wavelength (100 µm at 3 THz), which benefits in 
extending the wire-grid polarizers to a higher frequency. In our study, the wire-grid polarizer 




Figure 4. 2 Time domain transmission spectra of (a) incident terahertz wave, (b) 
transmitted terahertz wave E┴ when the incident terahertz wave polarization is 
perpendicular to the Au wire-grid, and (c) transmitted terahertz wave E// when the 




Figure 4. 3 Frequency domain transmission spectra of (a) incident terahertz wave, (b) 
transmitted terahertz wave E┴ when the incident terahertz wave polarization is 
perpendicular to the Au wire-grid, and (c) transmitted terahertz wave E// when the 
incident terahertz wave polarization is parallel to the Au wire-grid. 
 
To further quantify the performance of the terahertz wire-grid polarizers, the polarization factor 
was calculated based on the frequency domain transmission spectra. The polarization factor was 
presented in Fig. 4.4. It is nearly a constant with the polarization factor ranging from 0.92 to 0.99 
in the frequency range of 0.1 ~ 3.5 THz. The average polarization factor is 0.97. The results 
demonstrate that the Au wire-grid polarizer fabricated on a quartz substrate exhibits good 




Figure 4. 4 Plorization factor of the Au wire-grid terahertz polarizer as a function of 
frequency. 
 
As mentioned before, the high-performance polarizer is useful in terahertz imaging and terahertz 
spectroscopy. In this thesis, the wire-grid polarizer is used as a component in the polarization 
dependent loss characterization system, which will be shown in the following session. 
 
4.2 Fabrication of terahertz metamaterials and polarization 
dependent loss characterization  
 




Metamaterials with unique electromagnetic responses have become a popular research topic in 
electrodynamics, solid state physics, and materials science due to their rich physics and potential 
applications over a wide frequency range. Functional devices, such as polarizers, switches and 
modulators, can be realized by terahertz metamaterials design and fabrication [14-19]. Split ring 
resonator (SRR) is a common building block of the terahertz metamaterials. Although the 
research in the terahertz metamaterials developed quickly in these decades, the characterization 
techniques do not change too much. Transmission and reflection spectra are two main 
characterization methods. These two spectra contain the information of the substrate. As the 
substrate reflects the incident terahertz wave and reduces the intensity of the transmitted 
terahertz wave due to the sudden change of refractive index at the interface of silicon and 
air/nitrogen, the combination of the substrate and metamaterials information affects the 
resonance quality produced by the metamaterials. How to remove the substrate influence from 
the spectra is of scientific interest, which can present a pure spectrum of terahertz metamaterials 
for a better understanding of the behaviors of the terahertz metamaterials. In most of the terahertz 
metamaterials research, electric and magnetic responses were characterized by aligning the gap-
bearing side of SRRs to the electric field of incident terahertz wave.  
 
The transmission of the terahertz metamaterials shows a polarization dependent properties. 
Marques et al. studied the existence of polarization dependent transmission properties of the 
metamaterials in terms of bi-anisotropic effects [20]. Xu et al. experimentally studied the 
anisotropic and bi-anisotropic effects of the SRRs due to the polarization dependent transmission 
[21]. However, these works only investigated the transmission properties of the SRRs at certain 
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incident polarization states. Research in the transmission properties of the SRRs at all possible 




The SRR arrays were fabricated on the single-side polished silicon substrates (orientation <100>, 
thickness 300 μm, resistivity 8~12 Ω•cm) by laser micro-lens array (MLA) lithography. Figure 
4.5 (a) shows the optical microscope image of the SRR arrays fabricated. The period of the SRR 
array is 75 μm, same as the period of the MLA. The SRR size is 36 μm with two gaps of 3 μm on 
the outer edge. The thickness of the SRRs is 70 nm. The resonance frequency is mainly 
determined by the SRRs dimension and the SRR array was designed to work at 1 THz. Figure 
4.5 (b) shows the SEM image of the edge quality of the fabricated SRR metamaterials. The edge 
roughness is less than 20 nm. Metamaterials with high quality edge can benefit the 
characterization for a smooth transmission spectrum [22]. It can be concluded that, with a 
uniform laser exposure and fine stage movement, high quality metamaterials can be fabricated 
over an area of 10 mm × 12 mm efficiently. The above results demonstrate the capability of the 
laser MLA lithography to fabricate the large area arbitrarily shaped structures by a single 
exposure, thus significantly increase fabrication efficiency and obtain the large-area terahertz 









Figure 4. 5 (a) Optical microscopic image of the SRR metamaterials fabricated by laser 
MLA lithography and (b) SEM image of the structure edge of the sample fabricated. 
 




The transmission spectra of the SRR metamaterials were characterized by a THz-TDS in 
different incident terahertz wave polarizations. 
 
 
Figure 4. 6 Terahertz transmission spectra in two incident polarization states. Case 1: 
incident electric field parallel to the gaps of the SRR, and Case 2: incident electric field 
perpendicular to the gaps of  the SRR. 
 
Figure 4.6 presents the transmission spectra of the SRR metamaterials at two incident 
polarization states from 0.20 to 1.90 THz. The inset of Fig. 4.6 is the reference transmission 
spectrum of a bare silicon substrate. In case 1, the incident polarization is parallel to the gaps of 
the SRRs. There is no obvious transmission dip. In case 2, the incident polarization is 
perpendicular to the gaps of the SRRs. An obvious transmission dip at 0.90 THz is observed. In 
this case, interaction between the incident terahertz wave and the SRR array results in a circular 
current at the SRR surface and the SRR works as a LC circuit [23]. The transmission at different 
incident polarization states is different for the resonance frequency. Therefore, there is a 
polarization dependent transmission property of the SRR array.  
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Figure 4. 7 Experimental setup of the PDL characterization with the wire-grid polarizers. 
  
To investigate the polarization dependent transmission property of the SRR array, polarization 
dependent loss (PDL) spectrum was also measured. The characterization setup of PDL spectrum, 
which combines two polarizers and the conventional THz-TDS, is shown in Fig. 4.7. When the 
terahertz wave propagates through the metamaterials, the transmitted intensity I1, I2,..., In,... are 
different when the polarization of the incident terahertz wave is changed with all possible input 
states P1, P2, ..., Pn, .... Within all the values of I1, I2,
 ..., In,
 ..., there are two unique states with 
the maximum and minimum transmissions.  PDL is defined as the relative difference between 
the maximum and minimum transmissions of these two states of an optical component, given all 





= ,                                                 (4-3) 
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where I is the transmitted terahertz wave intensity. The electromagnetic resonance happens in 
case 2 but not in case 1. Therefore, an obvious transmission difference at the resonance 
frequency 0.9 THz can be observed in these two cases. In the other incident polarization states 
besides these two cases, the transmission may be different as well. PDL compares the 
transmission of the SRR array at all incident polarization states. At the resonance frequency, the 
significant transmission difference with different incident polarization states results in a large 
PDL value. Therefore, PDL spectrum can be used to present the resonance of terahertz 
metamaterials.  
 
The PDL spectrum was characterized by the two-state characterization method. [24, 25] This 
method employs two input polarization states of the incident terahertz wave and measures its 
polarization states of the transmitted terahertz wave. In THz-TDS, the commonly used detector is 
photoconductive switch detector which is polarization sensitive. Therefore, full polarization 
states, namely Stokes parameters of the output states, needs to be measured. By rotating the 
metamaterials at an angle of 90°, two input polarization states before and after the rotation can be 
treated to be orthogonal with each other. In order to generate two input polarization states which 
are orthogonal in a broad frequency range of 0.1 to 1.8 THz, the wire-grid polarizer fabricated in 
the previous session was fixed between the emitter and the metamaterials sample to generate the 
polarized terahertz wave. 
 
Meanwhile, as to measure the transmission states corresponding to two different incident states, 
another wire-grid polarizer on a rotatable holder was also used between the  sample and detector, 
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as shown in Fig. 4.7. The transmission states S were measured by rotating the rotatable polarizer 
to three angles 0°, 45°, and -45°.[22] The PDL can be calculated by the following equation: 
 
1 2 1 2 2 1 2 2 1 2 2
0 0 1 1 2 2 3 3
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         (4-4) 
 
where S is the Stokes parameters, the superscripts '1' and '2' denote the output states 
corresponding to the two input states.  
 
The PDL spectrum of the SRR array in the frequency range from 0.20 to 1.90 THz is shown in 
Fig. 4.8. The PDL characterized by the two-state method has an average uncertainty of 10 dB, 
therefore the PDL value less than 10 dB is attributed to the noise. The PDL spectrum of a bare 
silicon substrate was also characterized and its PDL value is less than 10 dB in the same 
frequency range, which confirms that silicon substrate is polarization independent. Therefore, the 
PDL effect only comes from the metallic SRR array. Therefore, the PDL spectrum can be treated 
as the transmission spectrum of a free-standing SRR array.  
 
There is a resonance peak at 1.05 THz in the PDL spectrum, which is different from the 
resonance frequency of transmission spectrum (0.90 THz) in Fig. 4.8. This is mainly due to the 
elimination of the substrate effect by PDL characterization. In the PDL characterization, the SRR 
array can be treated as free-standing structures without substrate because the silicon substrate has 
no polarization dependent property. For the transmission characterization, the surrounding 
material is silicon with a refractive index of 3.4. As a result of a smaller refractive index of the 
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substrate, the resonance frequency in the PDL spectrum is larger than that in transmission 
spectrum [26]. Meanwhile, the resonance quality of PDL spectrum is higher. The PDL spectrum 
peak reaches 30 dB, which is much larger than that of the transmission spectrum in Fig. 4.6. This 
is also attributed to the elimination of substrate influence. Without the silicon substrate effect, 
high reflection of incident terahertz wave and intensity damping through the substrate can be 
both avoided, producing a high resonance quality.  
 
With the PDL characterization, the SRR can be treated as the free-standing metallic SRR. It is 
useful to explore the unknown properties of SRR metamaterials. How to improve the accuracy of 
the PDL characterization is also an important research topic. 
 
 








In this chapter, a high performance terahertz wire-grid polarizer with the polarization factor of 
0.97 over the broadband from 0.01 to 3.5 THz was designed and fabricated. The terahertz wire-
grid polarizer consisting of micrometer-pitch Au wire-grid on a quartz substrate exhibits good 
performance. The working frequency range has been extended to 3.5 THz. There is a significant 
transmission difference between two orthogonal incident terahertz wave polarizations in the time 
domain, which illustrates the good polarization properties. The polarization factor in the 
frequency range of 0.1 ~ 3.5 THz is from 0.92 to 0.99 with the average value of 0.97. The high-
performance terahertz wire-grid polarizer was used for the PDL characterization of terahertz 
metamaterials in the second session of this chapter. The terahertz wire-grid polarizer with high 
performance is expected to have more applications in the terahertz spectroscopy and terahertz 
imaging.  
 
The terahertz metamaterials were fabricated by laser micro-lens array lithography. The SRRs 
metamaterials with edge roughness less than 20 nm were obtained over an area of 10 mm × 12 
mm, producing smooth transmission spectra. A polarization dependent transmission was 
observed by characterizing the transmission spectra of SRR array in two orthogonal polarization 
states. In order to get a better understanding of the terahertz metamaterials, PDL spectrum was 
characterized by using the wire-grid polarizers fabricated, from which the substrate influence can 
be eliminated, presenting the pure transmission information of the SRR metamaterials. As 
compared to the traditional transmission spectra, the PDL spectrum can give the resonance 
behavior of the free-standing SRR metamaterials. By using the terahertz wire-grid polarizer, a 
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novel characterization method, polarization dependent loss (PDL) spectrum was proposed to 
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Chapter 5 2D Tunable and Broadband Terahertz 




SRR metamaterials can only work in a narrow frequency band as discussed in the previous 
chapters due to its resonance natures. For the practical applications, frequency tunable 
metamaterials are necessary to extent its working frequency range. In this chapter, tunable 
terahertz metamaterials were investigated by varying the dimensional parameters in terms of the 
variable gap size. By combining the SRRs unit cells with different dimensional parameters 
together, broadband terahertz metamaterials were obtained. The 2D tunable and broadband 
terahertz metamaterials are promising to make the advanced terahertz devices with flexible 
tunability in the broad frequency band. 
 
5.1 Structurally tunable metamaterials 
 
5.1.1 Tunable metamaterials 
 
There are two types of tunable metamaterials, actively tunable metamaterials and passively 
tunable metamaterials.[1, 2] Actively tunable SRR metamaterials have been realized 
experimentally by a few approaches, such as applying current [3], voltage [4], sample 
temperature [5], and infra-red light irradiation[6]. Theoretically, there are also some other tuning 
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methods, such as magnetic field. [7] Passively tunable metamaterials, which rely on the mutual 
coupling among the neighboring metamaterials unit cells, are also an important approach to 
broaden the working frequency range. As the passively tunable metamaterials do not need the 
external control means, they are suitable for the practical applications due to their small sizes. 
The response of SRR arrays shows resonant features strongly depending on structural geometry, 
which can be applied to design tunable metamaterials. [8] Abul K. Azad et al compared different 
transmission properties of the square and circular SRR arrays. [9] Another work on the passively 
tunable metamaterials in microwave range employs the interlayer coupling between the 
neighboring metamaterials layers.[10, 11] As geometric parameters affect both inductive and 
capacitive components in the equivalent LC circuit analogy of SRR. In this sense, resonance 
frequency can be tuned by the geometric parameters.  
 
5.1.2 Tunable metamaterials with asymmetric structures 
 
The SRR designs in the studies mentioned above are all the symmetric structures. For the double 
ring SRR, there are two gaps at the left and right sides. By breaking the symmetry of this SRR 








Figure 5. 1 SEM images of the ASRRs metamaterials fabricated by laser micro-lens 
array lithography: (a) large area ASRR array and (b) single ASRR with different 
variable gap sizes. 
 
Figure 5.1 (a) shows the SEM image of the ASRR arrays fabricated by laser MLA lithography. 
The ASRR array is in an area of 12 mm × 10 mm, which is sufficient to cover the terahertz beam 
in the following characterization. Figure 5.1 (b) presents the SEM images of four different ASRR 
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structures at the variable gap of 2, 6, 10, and 14 μm, respectively. The left gap of the ASRR in 
Fig. 5.1 (b) was defined as the fixed split and the right one as the variable gap. The ASRRs 
chosen in the experiment were rectangular patterns with their structure parameters as follows: the 
fixed gap size s is 2 μm, the line width of the wire w 1.5 μm, the plate length k 6 μm, and the side 
lengths m and n of the ASRRs 36 μm. The period of ASRR array is 75 μm according to the 
configuration of MLA used in the fabrication. 
 
In the terahertz spectroscopic characterization, the incident electric field was perpendicular to the 
gaps of ASRRs in y direction. Both experimental and theoretical results indicate that an 
oscillation resonant current is excited due to the coupling of the incident terahertz wave to the 
ASRRs in this condition. [12, 13] Figure 5.2 shows the transmission spectra of ASRRs with 
different variable gaps in the frequency range from 0.1 to 1.8 THz. The transmission of bare 
silicon without ASRR structures provides a reference, as shown in the inset of Fig. 5.2. The 
resonance frequencies of the four different ASRRs are 0.85, 0.87, 0.93, and 0.98 THz when the 
variable gap d is 2, 6, 10, and 14 μm, respectively. The resonance frequency blue shifts as d 
increases. The LC oscillator model of single ASRR was applied to explain resonance frequency 
blue shift when the incident terahertz wave polarization is perpendicular to the gaps. [14] The 
ASRR was treated as the analogy of the LC circuit. As the electric field of incident terahertz 
wave is perpendicular to the splits of the equivalent capacitor, the magnetic resonance frequency 
is given by 1/2( )Rf LC
−= , where the inductance L is determined mainly by the geometry and 
materials of the ASRR, and the capacitance C depends on both the gap geometry and 
surrounding substrate medium. [15] The primary effect of changing the variable gap is to vary the 
effective capacitance of ASRR and then tune the resonance frequency. The effective parallel 
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capacitance of ASRRs can be expressed as C=CL+CR. Here, CL and CR are the contributions 
from the capacitive gaps in the environment of silicon in the left and right sides. Each 







=  ,                                                        (5-1)  
where εeff is the effective dielectric constants of air and silicon combination, S the effective area 
of the metal plates of the variable gap in xz plane, and d the variable gap size. By increasing d, 
CR decreases. The resonance frequency of the ASRR with a larger variable gap shows blue shift. 
When the gap size is too large, the LC theory is not suitable in explaining the resonance shift as 
the gap cannot be treated as the capacitive component. 
 
 






As to have a better understanding of the mechanism behind resonance frequency blue shift of the 
ASRRs at different variable gap sizes, numerical simulation at the resonance frequencies was 
carried out by CST 2009 Microwave Studio. The local electric field distribution in the xy plane 
of ASRRs was presented in Fig. 5.3. The incident electric field was set as 1 V/m along y 
direction. The simulation result reflects the interaction between the incident electric field and 
ASRRs at different variable gap sizes. The incident terahertz wave interacts with the ASRRs, 
forming a circular current at the metal surface of ASRRs when the incident electric field is in 
perpendicular orientation. [13] To build a close loop for the circular current, the large amount of 
the incident energy is concentrated between the capacitive gap areas, which is connected to the 
inductive components of ASRRs. Therefore, the electric field in the vicinity of the gaps is 
resonantly enhanced. It can be observed that the symmetric SRR at both gaps of 2 μm, the 
maximum electric field enhancement is 152 times at the two gaps. When d increases from 2 to 14 
μm, the electric field enhancement at the variable gap decreases gradually, as shown in Figs. 5.3 
(b)~(d). Especially when d is 14 μm, the interaction is very weak. This means that the circular 
current in the right part of the ASRRs is not as strong as that in the symmetric SRR. Therefore, 
the electric field enhancement at the variable gap is very small for d larger than 14 μm. Since the 
right half part of ASRR contributes less to the whole structure, the resonance peak is mainly 
determined by the left half part. As a result, there should be no obvious change of the resonance 
frequency for ASRRs with d larger than 14 μm. To further confirm this finding, additional 
experiment was carried out: the ASRR array with d of 18 μm was fabricated and characterized in 





Figure 5. 3 Electric field intensity at the resonance frequencies of the ASRRs at 
different variable gap sizes d of (a) 2, (b) 6, (c) 10, and (d) 14 µm. 
 
Furthermore to the simulation analyses in Fig. 5.3, it is found that the maximum enhanced 
electric field at the fixed gap is 152 times when d is 2 μm (Fig. 5.3 (a)), while it increases to 206 
times for the ASRR at d of 14 μm (Fig. 5.3 (d)). The high enhancement of the electric field at the 
fixed gap indicates a potential way for terahertz localized sensing or imaging with high 
sensitivity by structural tuning of the terahertz wave resonance. Both the experimental and 
simulation results suggest that the variable and the fixed gaps of ASRR work closely together, 





5.2 2D hybrid terahertz metamaterials 
 
5.2.1 Broadband metamaterials 
 
The resonance frequency of terahertz metamaterials can be tuned by the dimensional structure, 
which has been demonstrated in the previous session. However, the terahertz metamaterials work 
in a narrow frequency band depends on their dimensions, which prevents the practical 
applications in a broadband. [16] In this session, planar hybrid metamaterials with different split 
ring resonators (SRR) dimensions were designed and fabricated on silicon substrates by laser 
MLA lithography and lift-off process. The fabricated metamaterials structures consist of (a) 
uniform metamaterials with 4 SRRs at the same design and dimension as a unit cell and (b) 
hybrid metamaterials with 4 SRRs at the same design but different dimensions as a unit cell. 
Transmission spectra of these metamaterials show that a broader resonance peak is formed when 
they are combined together. Conventional metamaterials with single SRR design shows single 
resonance peak at a certain frequency. With the combination of multiple SRR structures with 
different dimensions being fabricated together on the same substrate, multiple resonance peaks at 
different terahertz frequencies can be obtained. [17, 18] When analyzing the electromagnetic 
behaviors of periodic SRR metamaterials, there is always an assumption that these structures 
have little effect on each other. The mutual coupling between the adjacent SRRs is also a critical 




5.2.2 Design and fabrication 
 
SRR metamaterials consist of an array of unit cells in which all unit cells comprise of the 
identical SRRs. The geometry of the array and the distance between two unit cells might be 
different, depending on the metamaterials’ design. All the designs consist of 4 SRRs as a unit 
cell at a period of 75 µm. To fabricate these structures, the laser MLA lithography technique was 
employed as mentioned in the previous chapters.[19, 20] A 75 µm pitch MLA was used to 
generate the 4 SRRs. The laser MLA lithography was conducted in 4 steps, (1) exposure, (2) 
stepping the MLA at x direction of 37.5 µm and exposure, (2) stepping MLA at y direction of 
37.5 µm and exposure, and (4) stepping MLA at x direction of -37.5 µm and exposure. Two SRR 
dimension parameters were varied. One is the core size (X and Y) and the other one is the 
antenna gap size (A and B) as illustrated in the diagram of Fig. 5.4. 8 sets of samples were 
fabricated firstly with all the 4 SRRs as a unit cell at the same design and dimensions as shown 
in Figs. 5.4 (a) and (b). The objective to fabricate these SRR metamaterials was to study the 
effect of changes of SRR core size and the antenna gap size on the resonance frequency, as well 
as the inter-SRR interaction. The first 4 sets of the samples consist of a unit cell at the core size 
of 24, 28, 32 and 34 µm, respectively. The separation S between 2 SRRs was maintained at 37.5 
µm. When the size of the SRR increased, the separation S became smaller and brought the 2 
adjacent SRRs closer to each other. The SRR’s antenna gap size was kept at 3 µm for all the 
individual SRR, as shown in Fig. 5.4 (a). The other 4 sets of the samples consist of a unit cell at 
the antenna gap size of 2, 4, 6 and 8 µm, respectively. The separation S between two adjacent 




The above-mentioned SRR metamaterials consist of only a single dimension SRRs for a unit cell 
and the resonance response was tuned by the SRR dimension, as discussed in the previous 
session. To obtain a broad band of resonance response, two types of planar hybrid metamaterials 
structures were fabricated by combining the different SRRs together. Each unit cell of Hybrid 1 
consists of 4 SRRs at the same design but different dimensions. Figure 5.4 (c) shows the Hybrid 
1 metamaterials structure design. The 4 SRRs’ core size inside a unit cell are 24, 28, 32 and 34 
µm, as shown in Fig. 5.4 (c). By this design, the electromagnetic field interaction between 2 
SRRs can be further studied as the separation was varied. Figure 5.4 (d) shows the Hybrid 2 
metamaterials structure design. Each SRR in a unit cell has the same core size of 32 µm but the 
SRRs’ antenna gap size are 2, 4, 6 and 8 µm within the unit cell, as shown in Fig. 5.4 (d). With 
this type of hybrid structure, the electromagnetic field interaction of 2 SRRs can be tuned by the 
antenna gap size as the SRR separation is kept as a constant. For these 2 hybrid designs, a strong 
charging interaction of the electromagnetic resonance coupling will be observed and analyzed in 





Figure 5. 4 SEM images of the fabricated metamaterials with a unit cell consisting of (a) 
4 SRRs of the same core size, (b) 4 SRRs of the same antenna gap size, (c) Hybrid 1 
design at core sizes of 24, 28, 32 and 34 µm and a constant gap of 3 µm and (d) Hybrid 
2 design at gap sizes of 2, 4, 6 and 8 µm and a constant core size of 32 µm. The insert 
for each image shows the 4 SRR elements inside a unit cell. 
 


















SRR design parameters: 
X & Y – core size











Transmission spectra at the terahertz frequencies from 0.1 to 1.5 THz for the uniform 
metamaterials with the unit cell at the same dimension SRRs were studied. Figure 5.5 (a) is the 
spectra of the metamaterials at 4 different core sizes of 24, 28, 32 and 34 µm. For the unit cell at 
the same SRRs core size structures, when the core size of the SRR structures decreases, there is a 
blue shift in the terahertz transmission spectrum as well as a gradual decrease in the resonance 
peak value. The resonance frequencies of the SRR core size of 24, 28, 32, and 34 µm are 1.26, 
1.06, 0.86 and 0.23 THz, respectively. According to the simplified LC oscillator model, when the 
polarization is in plane with SRR structures while the terahertz wave propagates perpendicularly 




= .[21, 22] This suggests that the resonance frequency of a SRR is highly dependent 
on the antenna gap size of the SRR, which has been verified in the previous session. The larger 
the antenna gap size, the more blue shift for the resonance frequency. As the antenna gap size of 
this group of SRR structures was fixed at 3 µm, the separation between 2 SRRs is the variable 
parameter. Therefore, the red shift is attributed to the decrease of SRRs separation which was an 
analogy to the reduction of the antenna gap size. Meanwhile, the resonance peak becomes 
broader as the SRR size increases, which brings the SRRs closer to each other. The full width at 
the half maximum (FWHM) of the resonance dips increase from 7 cm-1 for the SRR with the size 
of 24 µm to 11.8 cm-1 for 34 µm. The resonance peak width for the SRR size of 34 µm is due to 
the strong coupling effect when the 2 SRRs are closer to each other with only 3 µm of separation 
between the 2 SRRs. Another interesting phenomenon is that there is a resonance peak at a lower 
frequency of ~ 0.2 THz. The peak becomes stronger when the SRRs separation is closer, which 




Figure 5. 5 Transmission spectra for the SRR metamaterials of (a) 4 SRRs with the 
same core size inside a unit cell (4 samples with core sizes of 24, 28, 32 and 34 µm) 
and (b) 4 SRRs with the same antenna gap size inside a unit cell (4 samples with gap 




Figure 5.5 (b) is the spectra of the metamaterials at 4 different antenna gap sizes of 2, 4, 6 and 8 
µm. When the antenna gap of the SRRs increases from 2 to 8 µm, a blue shift of the resonance 
frequency can be observed. The resonances correspond to 2, 4, 6 and 8 µm gap are 0.8, 0.85, 
0.95 and 1.1 THz, respectively. This can also be explained by the LC model, which is well 
agreed with the assumption. As the separation between 2 SRRs for all 4 sets of samples are the 
same, the blue shift of the resonance frequency depends on the antenna gap size. However, the 
FWHM of the peaks across the 4 gap sizes is about 7.3 cm-1 and varies slightly as the SRR size is 
kept as a constant of 32 µm. The curve of 2 µm antenna gap size shows another lower peak at a 
frequency of 0.19 THz, which is quite similar to the curve of SRR size equal to 34 µm. This is 
due to the analogy in the structure dimension (2 µm gap versus 3 µm gap and 32 µm size versus 
34 µm size). It shows that the stronger interactions among the SRRs introduce a resonance peak 
at this frequency. 
 
5.2.4 Hybrid metamaterials 
 
Figure 5.6 shows the terahertz transmission spectra from 0.1 to 1.5 THz for Hybrid 1 and Hybrid 
2 metamaterials structures. For the Hybrid 1 structure, 2 strong resonance peaks can be observed 
at 0.2 and 1.02 THz. Meanwhile, there were 2 weak resonance peaks at the frequencies of 1.24 
and 1.45 THz, respectively. This is due to the superposition of the different resonance peaks 
formed by each individual core size of the SRRs, as well as the mutual coupling among the SRRs. 
The resonance peak of the Hybrid 1 structures is weaker than the uniform core size SRR 
metamaterials, because the number of SRRs from each core size is fewer within an area of unit 
cell. For Hybrid 2 structure, the transmission spectra are much sharper with the smaller FWHM. 
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The Hybrid 2 SRR metamaterials structure yields a broadband resonance at the frequency of 0.9 
THz as shown in Fig. 5.6. This resonance peak is at the middle of the 4 resonance peaks formed 
by 4 different single SRR antenna gap size designs. There is another resonance peak at 0.2 THz 
similar to that of the Hybrid 1 structure, which comes from the existence of electromagnetic 
coupling between SRRs. 
 
Figure 5. 6 Transmission spectra of Hybrid 1 design at different SRR core sizes and 
Hybrid 2 design at different SRR antenna gap sizes. The plots were normalized against 




In order to understand the effect of the mutual coupling of the SRRs in metamaterials, theoretical 
simulation was carried out using CST Microwave Studio 2009 to investigate the field intensity of 
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the hybrid structures. Figure 5.7 shows the electric field intensity of (a) Hybrid 1 and (b) Hybrid 
2 designs, respectively. It can be observed that Hybrid 1 design gives the THz electric field 
enhancement of ~190 times, while Hybrid 2 design has an electric field enhancement of ~364 
times. For the Hybrid 1 design, the localized enhancement is particularly strong around the 
separation region between the 2 SRRs at the core sizes of 34 and 32 µm. The strong electric field 
interaction between these 2 SRRs was observed due to the closer separation S. For the other 2 
SRR core sizes (24 and 28 µm), the electric field intensity is concentrated at the antenna gap 
with little interaction at the separation region. This is because the reduction in the SRR core size 
increases the SRRs separation, thus leads to less coupling effect. This is a new phenomena 
observed from this design.  
 
For the Hybrid 2 design, the enhancement is higher than that for the Hybrid 1 design. It is 
because there is a higher density of SRRs close to each other. The smaller distance between the 
neighboring SRRs in Hybrid 2 design due to the higher density of SRRs makes the coupling 
heavier. This implies that the mutual coupling of the SRRs plays an important role in 
determining the resonance peak as well as the magnitude of the electric field enhancement. The 
experimental and simulation results show that the hybrid SRR metamaterials designs can provide 




Figure 5. 7 Simulation results of the electric field intensity on the SRR metamaterials 
structures for (a) Hybrid 1 and (b) Hybrid 2 designs. The direction of the electric field 










2D structurally tunable metamaterials and hybrid metamaterials were designed and fabricated by 
laser MLA lithography. Tuning the metamaterials resonance frequency by structural parameters 
is a practical method to extend the working frequency range of the terahertz devices, which 
realizes a tuning frequency range from 0.85 to 0.98 THz by varying the gap size at one side of 
the double ring SRRs. The resonance shift was attributed to the variable capacitive component 
change, which can be used to make the tunable terahertz devices. Numerical simulation revealed 
that the variable and fixed gaps work together for the resonance frequency blue shift and 
enhanced electric field intensity. The electric field enhancement at the fixed gap increased 
remarkably as the asymmetry of ASRR increased.  
 
Based on the results obtained from the structurally tunable metamaterials, the hybrid 
metamaterials, by combining the SRRs with different dimensional parameters together, have 
been investigated as well. The transmission spectra show a broadband resonance peak. It is no 
longer a simple combination of distinctive individual resonance peaks from each SRR size. It 
becomes broader as the SRRs were brought closer to each other. The coupling effect also 
introduces an additional peak at the lower frequency of terahertz regime at 0.2 THz. The 
simulation of the hybrid SRR metamaterials structures at resonance frequencies confirmed the 
strong coupling among the SRRs within the metamaterials. This is mainly due to the smaller 
period of the MLA used in the fabrication. With a MLA at a larger period, the mutual coupling is 
expected to be reduced, while the feature size of the fabrication structure is also increased. In 
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order to get rid of this trade-off condition, a three-dimensional multi-layer metamaterials will be 
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Chapter 6 3D Multi-layer Metamaterials: Design, 
Fabrication, and Characterization 
 
 
In the last chapter, the design, fabrication, and characterization of 2D structurally tunable 
metamaterials and hybrid broadband metamaterials were presented. The resonance frequency can 
be tuned by the variable gap size effectively, while the broadband resonance has also been 
demonstrated by the hybrid metamaterials experimentally. The side effect of the hybrid 
metamaterials is that the mutual coupling among the SRR unit cells needs to be taken into 
consideration, which makes the design of broadband metamaterials complicated. In this chapter, 
three-dimensional (3D) multi-layer metamaterials, which are fabricated by stacking the 2D 
planar metamaterials together are studied. Two designs of 3D multi-layer metamaterials are 
proposed. One is the multi-layer metamaterials with the same design for each layer to enhance 
resonance applications. The other one is multi-layer metamaterials with different designs at each 
layer to achieve broadband resonance applications. This multi-layer metamaterials can 
effectively eliminate the mutual coupling among the SRRs with different dimensions, providing 
a broadband resonance by superposition of the resonance dips corresponding to different SRR 
designs. 
 





6.1.1 Multi-layer metamaterials with the identical design 
 
The functions of metamaterials based devices were typically realized by their resonance 
properties dominated by the metamaterial structures. In practical applications, the stronger 
resonance is preferred. The strength of resonance is characterized by the sharpness of the 
resonant dip in the transmission spectra, which can be represented by the roll-off value. [1, 2] In 
previous studies, the strength of resonance can be tuned by various means in the two dimensional 
(2D) designs. [3-7] However, the amplitude drop of the resonant dip was limited to 1 order 
because the tuning effect is saturated when the thickness of SRRs exceeds the skin depth of the 
metal. Since the optical properties have been demonstrated successfully in 2D metamaterials, 
three dimensional (3D) metamaterials with strong resonance were proposed. [8] There are 
several methods to realize 3D metamaterials. [9-11] The intricate helices metamaterials were 
fabricated on the polymer slab by two photon absorption technique, [9] which provides a method 
to realize the 3D metamaterials with arbitrary designs. However, it takes a long time to fabricate 
these large-area metamaterials. The fabrication of metamaterials on curved spaces also employs 
complicated multi-step process. Multi-layer metamaterial by bonding 2D metamaterials is a 
flexible and simple fabrication method to realize 3D metamaterials on the flexible polymer 
substrates [11-13].  
 
In this session, 2D split ring resonators (SRR) metamaterials were fabricated firstly by laser 
micro-lens array (MLA) lithography. From this chapter onwards, the substrate is changed to the 
heat stabilized and flexible polyethylene naphthalate (PEN) films with the thickness of 100 μm 
(Dupont Teijin Films, Teonex Q51). The transmission of PEN film is higher than that of silicon 
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and quartz, while its cost is also much lower than the other two substrates. The PEN film is thin 
enough to offer high flexibility for applications on non-planar surfaces. Multi-layer 
metamaterials with different layer numbers were then formed by stacking and bonding the 2D 
metamaterial layers together. The laser fabricated multi-layer metamaterials with different layer 
numbers were characterized by a terahertz time domain spectroscopy (THz-TDS) in transmission 
mode. The multi-layer metamaterials can be used as narrowband high-performance terahertz 




The single-layer metamaterials were fabricated by laser MLA lithography, E-beam evaporation, 
and followed by the lift-off process [14, 15]. Figure 6.1 (a) shows the microscopic image of the 
large-area split ring resonators (SRRs) metamaterials fabricated. The SRR array was made by Cu, 
which can be treated as perfect electric conductor (PEC) in the terahertz range. The dimensional 
parameters of the SRRs metamaterials are as follows: the period is 100 μm, the outer dimension 
40 μm, the line width 6 μm, and the thickness 100 nm. The PEN film is flexible as compared to 
other substrates, such as quartz, silicon, and GaAs. Meanwhile, the thickness of the PEN films 
(100 µm) is the same as the period of the SRRs array (100 µm). Therefore, the periods are kept 
the same in the three dimensions if the metamaterials layers are attached closely, which can 
realize a homogenous distribution of SRRs in three dimensions. This indicates a potential way to 
realize 3D bulk metamaterials with homogeneously distributed unit cells. The multi-layer 
metamaterials with the same design on PEN substrates were stacked and bonded together into 1, 




Figure 6.1 (b) illustrates the stacking process of the sample with the 5 layers design. The SRRs in 
different layers were aligned in the same orientation. The interaction between SRRs in different 
layers is not an important factor as the coupling is weak. Therefore, the misalignment of unit 
cells in each layer and the distance between different layers do not affect the experimental results 
significantly. The metamaterials consisting of 5 layers are shown in Fig. 6.1 (c). The samples 
were characterized by a THz-TDS (TPS3000, Teraview Inc.) in transmission mode at a normal 
incidence. The electric field of the incident terahertz wave was aligned parallel to the gap-
bearing side of the SRRs as illustrated in Figure 6.1 (b). All the transmission spectra of the 
samples with different layer numbers were normalized against the reference transmission 
spectrum of nitrogen gas environment [16]. The multi-layer metamaterials are treated as a device. 
 
Figure 6. 1 (a) Microscopic image of the metamaterials in 2D plane, (b) illustration of 
the bonding process of the multi-layer metamaterials, and (c) image of multi-layer 




6.1.3 Results and Discussion 
 
The transmission spectra of 1, 3, and 5 layers metamaterials are shown in Fig. 6.2. In the 
transmission spectra, three resonant dips are observed in each transmission curve. They are the 
LC resonance at 0.5 THz, half-wavelength resonance at 0.75 THz, and the higher mode 
resonance above 2.0 THz. Half-wavelength resonance occurs at the frequency corresponding to 
the standing wave on the equivalent length of the SRRs to a rod. All the three resonance dips do 
not show frequency shift. The LC resonance results from the inductive current circulating in the 
SRR structure with the capacitive charge accumulation at the gap. The dipole resonance and 
higher order mode resonance are due to antenna-like coupling between the SRRs conductors 
parallel to the electric field of the incident terahertz wave. All the three transmission dips 
increases gradually as the layer number increases from 1 to 5, especially for the LC resonance 
and half-wavelength resonance. The larger transmission dips indicate enhanced resonances. This 
result shows that the multi-layer terahertz metamaterials can flexibly tune the strength of 
resonance by the layer number, which shows the potential applications of the terahertz devices 
with the flexible transmission tunability.  
 
The half-wavelength resonant dip in the multi-layer metamaterials consisting of 5 layers reaches 
to 1.9×10-4 at 0.75 THz, which is low enough for applications as terahertz filters or attenuators. 
Meanwhile, the transmission in the non-resonance frequency band does not drop significantly. It 
is 1 order smaller than the incident terahertz wave when the 5 metamaterials layers were bonded 
together, which is a much smaller amount as compared to the amplitude drop of the resonant dips. 
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This result demonstrates that the PEN film is a suitable substrate for multi-layer metamaterials or 
bulk metamaterials with low loss in terahertz range.  
 
Figure 6. 2 Transmission spectra of multi-layer metamaterials with 1, 3, and 5 layers, 
respectively. 
 
The amplitudes of the resonant dips at the LC and half-wavelength resonance frequencies versus 
layer number is presented in Fig. 6.3 (a). Experimental data fitting shows that the amplitudes of 
the LC and half-wavelength resonant dips are in the logarithm relationship with the number of 
the metamaterials layers as: 
( ):                                -0.3924 0.3029,LC Log Transmission N= +                  (6-1) 
( ):        -0.7650 0.3019,Half wavelength Log Transmission N− = +                 (6-2) 
where N is the number of metamaterial layers. The fitting curve of the half-wavelength 
resonance has a bigger slope than that of the LC resonance, which reflects a stronger damping 
effect at resonance frequencies. If the single-layer metamaterial is treated as the damping 
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medium, the damping factors αLC and αHalf-wavelength can be extracted as 0.172 (10-0.7650) and 0.405 
(10-0.3924). It indicates that the LC resonant transmission and half-wavelength resonant 
transmission drop 0.172 and 0.405 times, respectively, when one more metamaterials layer is 
added and bonded together. The amplitude drop of the half-wavelength resonance is stronger 
than that of the LC resonance. The relationship presented in equations (6-1) and (6-2) can be 
varied by tuning the structural parameters of the SRRs design, as well as the period of the SRRs 
array [17] to achieve the desired damping factors and resonance frequencies. This logarithm 
relationship also provides a convenient way for the design of terahertz devices based on multi-
layer metamaterials. The strength of resonance can be measured by the sharpness of the resonant 
dip, which is characterized as the roll-off value. It is defined as the change of transmission at the 
resonance frequency and shown in equation (6-3) [18, 19], 
                                            0
0
( ) ( ) ,R
R





                                       (6-3) 
where fR is the resonance frequency and f0 is the frequency of transmission maximum. Figure 6.3 
(b) shows the roll-off values of the LC and half-wavelength resonant dips of the multi-layer 
metamaterials. For both the LC and half-wavelength resonances, the roll-off values increase 
significantly. The roll-off value of the half-wavelength resonance increases from 4.9 to 11.2 
when the layer number increases from 1 to 5. It shows that the transmission reduces almost 
10,000 times. Besides the LC and half-wavelength resonances, it can be observed from Fig. 6.2 
that the higher order mode resonant dip also increases as the layer number increases. However, it 




Figure 6. 3 (a) Transmission at LC and half-wavelength resonance frequencies of 
multi-layer metamaterials of 1, 2, 3, 4, and 5 layers, and (b) roll-off values of LC and 




Numerical simulation was carried out by CST Microwave Studio 2009 to study the electric field 
intensity in the multi-layer terahertz metamaterials when terahertz wave propagates through the 
3D multi-layer metamaterials. The terahertz wave travels through the multi-layer metamaterials 
at a normal incidence as shown in Fig. 6.4 (a). The incident terahertz wave polarization was set 
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parallel to the gap-bearing side of the SRRs. Figures 6.4 (b) and (c) present the cross-sectional 
views of the electric field intensity in the 5-layer metamaterials at the LC and half-wavelength 
resonance frequencies. There is no significant interaction between the SRRs in the adjacent 
layers. When the terahertz wave passes through the 5-layer metamaterials, each metamaterial 
layer interacts with the incident terahertz wave in sequence. At the LC resonance frequency, the 
circular current is induced inside the SRRs and a large amount of charges accumulate resonantly 
at the gaps of the SRRs. As shown in Fig. 6.4 (b), the first metamaterial layer shows the strong 
charge accumulation at the LC resonance frequency. When the terahertz wave reaches the second 
metamaterial layer, the interaction between the terahertz wave and the second layer 
metamaterials occurs. The charges accumulate at the gaps of SRRs in the second layer, while the 
charge intensity is lower than that in the first layer. The transmitted terahertz wave is further 
reduced due to the LC resonance as the terahertz wave goes through more metamaterial layers. 
Along the terahertz wave propagation direction, the charge intensity at the gaps of SRRs in 
different layers decreases. The terahertz wave at the LC resonance frequency of 0.5 THz is 
damped significantly when it goes through one layer of SRR metamaterials, which follows the 
relationship presented in equation (6-1). The damping of the half-wavelength resonant 
transmission dip is presented in Fig. 6.4 (c). The dipole resonance is induced by the coupling 
between the terahertz wave and the conductive components of SRRs parallel to the incident 
polarization. The terahertz wave at the dipole frequency of 0.75 THz is resonantly reduced along 
the propagation direction. As the 5 metamaterials layers are bonded together, the resonant dip 
drops 10,000 times at the half-wavelength resonance frequency due to the resonance in each 
layer. This multi-layer metamaterials can be applied to make narrow band terahertz filters, 
 96 
 
absorbers, and polarizers etc with tunable resonance enhancement properties by setting the layer 
number or changing the SRRs designs.  
 
Figure 6. 4 (a) Illustration of terahertz wave transmission through multi-layer 
metamaterials, (b) electric field intensity at the LC resonance frequency of the multi-
layer metamaterials, and (c) electric field intensity at the half-wavelength resonance 
frequency of the multi-layer metamaterials. 
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6.2 Broadband resonance by hybrid multi-layer terahertz 
metamaterials 
 
6.2.1 Multi-layer metamaterials with different designs 
 
The other 3D multi-layer metamaterials structure is being investigated with different designs at 
each layer to realize a broadband resonance. Extending terahertz metamaterials to three-
dimension (3D) is of both practical and scientific interest. Meanwhile, due to their resonant 
nature, the SRR based terahertz metamaterials exhibit narrowband responses. This limits their 
performance for broadband applications. Several planar design variations have been carried out 
to broaden the terahertz metamaterial responses [20-22]. However, multi-resonance performance 
of planar metamaterials is usually accompanied by a compromise in resonance strength due to 
lower resonator intensity at a given resonance point and the coupling among different resonators 
[23]. In Chapter 5, hybrid terahertz metamaterials were designed and fabricated for broadband 
resonance, but their performance was affected by the mutual coupling between the adjacent SRR 
unit cells. 
 
In this session, the multi-layer metamaterials with different structures for each layer are designed 
and fabricated in order to broaden the response performance. By stacking 2D plastic 
metamaterial layers with different resonance responses into a multi-layer structure, a broadband 
filter can be built in the terahertz regime. It shows that multi-layer terahertz metamaterials 
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provide a promising way to achieve broadband filters and multi-resonance devices with compact 
dimension and high performance. 
 
6.2.2 Sample design and fabrication 
 
All the samples were fabricated on the 100 μm thick polyethylene naphthalate (PEN) films. 
Photoresist patterning was implemented by laser micro-lens array (MLA) photolithography. 
After laser MLA lithography and photoresist development, all the samples were deposited with 
15 nm Cr film as the adhesion layer followed by 200 nm Cu film deposited by electron beam 
evaporation. The sample characterization was carried out by a terahertz time domain 
spectroscopy (THz-TDS) system in transmission mode. The transmission spectra were 
normalized against the reference spectrum of pure nitrogen environment. The purpose of using 
nitrogen environment as reference instead of PEN films is that the whole sample (SRRs array 





Figure 6. 5 (a) Structural parameters of the SRR unit cell. (b) – (f) microscope images 
of SRR1 to SRR5 fabricated by laser MLA lithography. Side length a changes from 40 
to 80 μm for (b) to (f), while other parameters are kept as constants. (g) The simulated 
transmission spectra of single-layer metamaterials. 
 
The 100 μm MLA pitch size defines the SRR lattice constant p for all the samples. Figure 6.5 
shows the structural parameters for the SRR unit cell and the microscopic images for all the 
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different samples fabricated. For every sample, the length for the gap-bearing side was fixed at b 
= 50 μm and the gap size was fixed at g = 20 μm, while the length for the side perpendicular to 
the gap-bearing side was set as a = 40, 50, 60, 70 and 80 μm from SRR1 to SRR5, as seen in 
Table 6.1. SRR metallic line width is defined as w = 6 μm. The incident terahertz wave is 
linearly polarized so that the electric field is parallel to the gap-bearing side. The spectra of the 
samples with varied side lengths a are shown in Fig. 6.5 (a). It is observed that the LC resonance 
frequencies through the bi-anisotropic effect [24] are 0.74, 0.66, 0.59, 0.54 and 0.49 THz for 
samples with a = 40, 50, 60, 70 and 80 μm, respectively. The simulated transmission spectra are 
shown in Fig. 6.5 (g). 
 
Table 6. 1 SRR unit cells design parameters and their resonance properties 
 














SRR1 40 50 20 6 100 0.74 0.15 
SRR2 50 50 20 6 100 0.66 0.14 
SRR3 60 50 20 6 100 0.59 0.12 
SRR4 70 50 20 6 100 0.54 0.1 
SRR5 80 50 20 6 100 0.49 0.09 
 
A clear red shift of the LC resonance frequency can be observed when a changes from 40 to 80 
μm. This is expected since the sub-wavelength SRR essentially acts as an LC resonator circuit 
with fR = (LC)-1/2, where the inductance L is mainly related to the effective enclosed area of the 
SRR and the capacitance C is largely determined by the gap size and the surrounding medium 
[25]. The increase in the side length enlarges the enclosed area and increases the inductance of 
the resonator, thus leading to the resonance frequency red shift. Meanwhile, there is an overall 
trend of narrower resonance dip with increasing side length, which coincides with the simulation 
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results. The full width at half maximum (FWHM) changes from 0.15, 0.14, 0.12, 0.10 to 0.09 
THz as a increases from 40 to 80 μm. It is due to the weaker coupling strength of the LC 
components as the area increases. This phenomenon is useful in building high Q terahertz 
devices. 
 
6.2.3 Design and fabrication 
 
The performance of a 2-layer configuration was firstly investigated in order to determine 
whether the stacking affects the resonance position and intensity for each resonance mode. Two 
plastic samples SRR1 and SRR5 were selected and bonded together. The SRR orientations of the 
two samples were aligned in the same orientation to ensure the incident wave have the same 
polarization for both layers. It was determined from previous studies that the interlayer 
interaction is not significant as the distance is greater than the induced electromagnetic field 
attenuation length from the SRR arrays [26]. Therefore, the accurate alignment is not required, 
which can effectively reduce the fabrication complexity for the multi-layer metamaterials. The 
transmission spectra are shown in Fig. 6.6 (b). It is observed from the 2-layer transmission 
spectra that two distinct resonance dips were clearly shown at 0.49 and 0.74 THz, exactly 
coinciding with the resonance frequencies of individual samples. Different from planar multi-
resonance structures, no weakening of the resonance strength is observed for the 2-layer 
metamaterials. Furthermore, the resonance dips in the 2-layer metamaterials were deepened as 
compared to those of the SRRs in the individual layers. Therefore, multi-layer metamaterials 
have the potential to broaden the SRR based metamaterials operation region without the 




Figure 6. 6 (a) Transmission spectra of individual samples with different structural 
design parameters. The resonance frequency changes from 0.49 to 0.74 THz as side 
length a changes from 80 to 40 μm; and (b) transmission spectra for the 2-layer 
metamaterials and individual single layer metamaterials. The resonance dips for the 2-
layer metamaterials match with those from individual single layer metamaterials. The 





Figure 6. 7 (a) Multi-layer metamaterials stacking illustration; and (b) & (c) 
photographs of the multi-layer metamaterials. 
 
To make the multi-layer broadband metamaterials, all the five samples with different a values 
were stacked in sequence from SRR1 to SRR5 with SRR1 on top facing the incident terahertz 
wave. Meanwhile, one more bare PEN film was stacked on the top SRR1 film to make all the 
SRR arrays inside the bulk PEN materials for protection purpose as illustrated in Fig. 6.7 (a). 
Figures 6.7 (b) and (c) are the images of the designed broadband terahertz filter. The size of this 
terahertz filter device is 1.6 cm × 1.6 cm with an effective functional area of 1 cm × 0.6 cm. This 
is suitable to be applied in a compact terahertz system. The transmission spectrum of the 
combined 5-layer metamaterials is shown in Fig. 6.8 (a). A broadband response with a centre 
frequency of 0.61 THz is observed, which is clearly the superposition of the resonance response 
from each single layer metamaterials. The positions of the five resonance dips in the overall 
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frequency response spectra match with resonance dips from individual samples. The FWHM of 
this filter is 0.38 THz, which is about 2.5 times greater than the FWHM of SRR1 (a = 40 μm) 
and 4.2 times greater than that of SRR5 (a = 80 μm), indicating that a broader response is 
achieved by the sample stacking. Meanwhile, the stop-band is suppressed down to -30 dB, which 
is much lower than that in single-layer metamaterials. This feature is adequate for the most 
filtering applications. The filter exhibits a fast roll-off more than 100 dB/THz on the edge of the 
stop-band. Interestingly, the resonance dip at 0.66 THz is especially strong compared to other 
resonance dips. The Fabry–Pérot fringes on the pass-band were caused by internal reflections 
within the multi-layer sample with an overall thickness of about 500 μm. This also agrees well 
with the simulation results. The broadband filter built by multi-layer SRR based metamaterials 
can be used to control and manipulate terahertz waves. The bandwidth of the stop-band can also 






Figure 6. 8 (a) Transmission spectra of the 5 single layer metamaterials and the overall 
multi-layer metamaterials. A broadband filter with a band width of 0.38 THz was 
constructed. The resonance dips from the overall tranmission spectra match with those 
from individual samples; and (b) simulated spectrum of the multi-layer metamaterials. 
The resonance dips are at 0.41, 0.45, 0.50, 0.56 and 0.62 THz with an overall 





Finite-integration time-domain simulation was carried out by commercial software CST 
Microwave Studio 2009. For PEN, the real part of the permittivity ε and the loss tangent were set 
as 2.56 and 0.003 over the frequency of interest. For simplicity, all the SRRs were aligned 
perfectly as illustrated in Fig. 6.7 (a). The simulated transmission spectrum is shown in Fig. 6.8 
(b). The simulation result also shows a broadband resonance with a bandwidth of ~ 0.3 THz. On 
the transmission spectrum, 5 resonance dips were found corresponding to each metamaterials 
layer at 0.41, 0.45, 0.50, 0.56 and 0.62 THz. As compared to the experimental spectra, the 
resonance dips in simulation are much sharper. This is due to the ideal assumption of sample 
materials and structures in simulation. Meanwhile, there is an overall resonance frequency red-
shift for the simulation spectrum. The reason behind this result is that in the simulation, the SRRs 
were assumed to be enclosed totally in PEN, whereas in experiment there is a thin air gap 
between adjacent layers, which is difficult to be avoided due to the stacking process. 
Consequently, the simulated SRRs are in a homogeneous dielectric environment of a higher 
refractive index than air, leading to a resonance red shift [27]. Both the experimental and 
simulation results reveal that the stacking of the single layer metamaterials with different 
structure designs provides a promising way to extend the metamaterial frequency response 




Figure 6. 9 (a) – (e) Cross sectional electric field intensity at the gap of the multi-layer 
metamaterials in the selected frequencies. The frequencies are chosen to coincide with 
the five resonance dips of the overall transmission spectra. The localized electric field 
intensity enhancement at the gap indicates a strong resonance response towards the 
selected frequency. 
 
In order to further understand the performance of each individual layer in the 5-layer 
metamaterials, the cross-sectional electric field intensity through numerical simulation was also 
investigated. The electric field intensity distribution in the cross-sectional plane, which was in 
parallel to the y-z plane and cuts through the centre of all the SRR gaps, is presented in Fig. 6.5. 
Five specific frequencies at 0.62, 0.56, 0.50, 0.45 and 0.41 THz are selected, which correspond 
to the five resonance dips in the simulated transmission spectra. The electric field intensity 
distributions in the chosen cross-sectional plane at these five frequencies are plotted in Fig. 6.9 
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from (a) to (e). It is observed from Fig. 6.9 that as the frequency changes from 0.62 to 0.41 THz, 
the SRR layers were selectively excited with a strong electric field concentration in the gap due 
to charge accumulation at the ends of the SRR gap. This localized electric field intensity 
enhancement contributes to the LC resonance response. Since the five frequencies are selected 
according to the resonance dips in the overall transmission spectra, each frequency corresponds 
to the characteristic LC resonance frequency for one of the SRR layers. For example, SRR1 has 
its characteristic LC resonance frequency at 0.62 THz while SRR5 has its characteristic LC 
resonance frequency at 0.41 THz. As the selected frequency changes from 0.62 to 0.41 THz, the 
excited SRR layer with the largest z position value shifts from SRR1 to SRR 5 exactly. This 
indicates a selective LC resonance excitation from the SRR layers in response to the chosen 
frequency. Furthermore, since the characteristic resonance frequencies of adjacent layers are 
close to each other, more than one layer respond to one chosen frequency. This multi-layer 
excitation further enhances the resonance intensity of the overall transmission performance, 
resulting in much deeper transmission dips in the multi-layer metamaterials transmission spectra 
as compared to the transmission dips of the individual single layer metamaterials. It should also 
be noted that the number of excited SRR layers at each chosen frequency is limited up to three, 
since SRR layer does not respond to frequencies that are too far away from its characteristic LC 
resonance frequency. As stated earlier that for SRRs with a bigger side length a, the LC 
resonance intensity is weaker. Therefore, for f = 0.56, 0.50, 0.45 and 0.41 THz, the localized 
electric field intensity of the neighboring metamaterials layer with a smaller z position value is 
comparable or even stronger than that of the excited metamaterials layer in its characteristic LC 
resonance frequency. On the contrary, the SRR layer with a larger z position value does not 
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Two different 3D multi-layer metamaterials have been designed and fabricated on the flexible 
PEN substrates for enhanced and broadband resonance, which advances the research work in 
terahertz metamaterials from 2D to 3D form. The 3D multi-layer metamaterials were fabricated 
by stacking the 2D metamaterials layers together. The distance between the neighboring layers is 
larger than 100 μm, so that the inter-layer interaction is quite weak which can be ingored. This 
facilitates the design of multi-layer metamaterials based devices. By stacking the 2D 
metamaterials into 3D form, the performance is improved significantly. For the 3D multi-layer 
metamaterials with the same design for each layer, the amplitude of the transmission dips at the 
resonance frequencies decreases gradually as the layer number increases, which is in the 
logarithm relationship at the LC and half-wavelength resonance frequencies. For the half-
wavelength resonance, the transmission decreases 10,000 times in a logarithm relationship as the 
layer number increases from 1 to 5. The increase of the roll-off value from 4.9 to 11.2 indicates a 
strong resonance enhancement. The simulation results also demonstrate the interaction between 
the terahertz wave and metamaterials in each layer at the resonance frequencies. 3D multi-layer 
metamaterials with the different designs in each layer can result in a broad band resonance with a 
bandwidth of 0.38 THz. Simulation results revealed that SRR layers inside the multi-layer 
metamaterials are selectively excited towards specific frequency within the broadband response. 
Meanwhile, more than one metamaterials layer respond to one resonance frequency with a 
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localized electric field intensity enhancement, which strengthens the resonance properties of the 
overall performance. The multi-layer design of the 3D metamaterials is the first step towards the 
bulk metamaterials at similar sizes in the three dimensions. A further study on 3D terahertz 
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Chapter 7 3D Terahertz Metamaterials Tube: 
Design, Fabrication, and Characterization 
 
 
There are three targets in the roadmap of terahertz metamaterials development: (1) going bulk, (2) 
tunability, and (3) low loss. [1, 2] In the previous chapter, 3D multi-layer metamaterials has been 
studied, which is an effective method to make the 3D metamaterials. Although the loss of the 
single-layer PEN substrate is quite low, it increases significantly if a number of layers are 
stacked together to realize the bulk metamaterials. In this sense, a low loss design is necessary to 
make the 3D bulk metamaterials. In this chapter, a completely new design of 3D metamaterials, 
'metamaterials tube', was developed. The 3D metamaterials tubes, in the form of a single-layer 
cylindrical hollow-core tube with the split ring resonators (SRRs) array built on the inner wall, 
were designed and fabricated by simply rolling up two-dimensional (2D) planar metamaterials 
(resonance frequency fR=0.75 THz) fabricated on the flexible PEN substrates. The SRR 
structures are distributed on the inner surface of the metamaterials tube uniformly.  
 
7.1 Actively and passively tunable metamaterials 
 
In order to extend their resonance bandwidth, terahertz metamaterials with resonance tunability 
have been developed recently. [3] Previous experimental studies on the tunable metamaterials 
were focused on the active tunability by tuning the optical properties of the substrates using 
external energy sources, including voltage, current, temperature, and magnetic field. [4-7] The 
designs of the active tunable metamaterials were complicated, which brings about the technical 
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challenges in fabrication. Passive tunability, without any external constituents, is of great 
significance to realize broadband resonance tunability with simple setup and convenient 
operation. Structural tunability in the multi-layer metamaterials was proposed to tune the 
resonance frequency by the relative position of SRRs in the neighboring layers, which 
demonstrates a potential way to realize the passive tunability. [8, 9] The methods mentioned 
above, including both the active and passive tunability methods, can effectively tune the 
metamaterials resonance with the maximum tuning range of 20% from 0.85 (f0) to 1.06 THz 
according to our best knowledge. [10] As the spectral signatures for the major organic molecules 
range from 0.10 to 5.00 THz, it is crucial to extend the tunable working frequency of the 
metamaterials to cover the higher terahertz frequency range. 
 
The resonance property of the terahertz metamaterials is determined by the dimension of the 
single SRR, as well as the interactions among the SRR unit cells according to the theory 
presented in Chapter 2. The resonance of the SRR metamaterials can be analogy with the 
inductance-capacitance (LC) circuit. [11] The red shift tunability methods in the previous studies 
were realized by increasing the capacitive components in the LC model. To realize the blue shift 
tunability, it requires decreasing either the inductive component or capacitive component, which 
has technical difficulties because either electric or magnetic coupling among the SRR unit cells 
is constructive rather than destructive. A recent study demonstrated the blue shift tunable 
metamaterials controlled by infra-red (IR) light intensity to reduce both the inductive and 
capacitive components, which is a new routine on the design of the tunable terahertz 
metamaterials. [10] However, the tuning range of the experimental results is 26% from 0.76 (f0) 
to 0.96 THz, which is limited below 1 THz due to the limit of IR light power. Meanwhile, the 
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SRR design on the silicon-on-sapphire substrate in this study was complicated, which employed 
multi-step fabrication techniques. In the previous chapter, flexible PEN films were used as the 
substrates to construct metamaterials for resonance enhancement and broadband resonance. [12, 
13] This kind of thin flexible metamaterials can make the metamaterials into non-planar form, 
allowing more potential designs and applications than the metamaterials made on rigid substrates, 
such as silicon and GaAs wafers. 
 




Two dimensional (2D) planar metamaterials were fabricated by laser MLA lithography, followed 
by electron beam evaporation and lift-off process. The substrates used in the experiment were 
PEN films at a thickness of 100 µm. Metamaterials at an area of 10 mm × 24 mm were 
fabricated by the multi-step exposure scheme. The three-dimensional (3D) terahertz 
metamaterials tube was made by rolling up the 2D planar metamaterials into the tube form and 
then fixed by a scotch tape, which is transparent in terahertz regime. The SRRs array is 
distributed on the inner wall of the metamaterials tube uniformly. The length of the 
metamaterials tube is 10 mm. There are 5 metamaterials tubes being fabricated at different 
diameters of 4.0, 4.5, 5.0, 5.5, and 6.2 mm. For all the metamaterials tubes, the period of the 
SRRs array is 100 µm. The 2D SRRs array fabricated by the laser MLA lithography is shown in 
Fig. 7.1 (a). The SRR metamaterials were made of Cr and Cu at the thickness of 5 nm and 200 
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nm, respectively. The sandwiched Cr layer was to increase the adhesion between the Cu and 
PEN substrates. The outer dimension of the square SRR is 40 µm, the line width of the SRR 
structure 6 µm, and the gap size 12 µm. The image of the flexible 3D metamaterials tube 
fabricated by this method at a diameter of 4.00 mm is shown in Fig. 7.1 (b). Figures 7.1 (c) and 
(d) demonstrate the rolling-up process, which changes the 2D planar SRRs metamaterials into a 
3D metamaterials tube.  
 
 
Figure 7. 1 (a) Image of the 2D planar metamaterials, (b) image of a 3D terahertz 
metamaterials tube fabricated at a diameter of 4.00 mm, and (c) illustration of the 
fabrication process of the 3D metamaterials tube, and (d) illustration of 3D 






The characterization was carried out by a THz-TDS in the transmission mode. The beam size of 
the terahertz wave was controlled as about 6.5 mm, which is large enough to cover the cross-
section of the metamaterials tube. All the transmission spectra were normalized against the 
reference spectrum of the pure nitrogen gas environment. 
 
2D planar metamaterials were characterized firstly and the LC resonance fR of the SRR 
metamaterials is 0.75 THz. The 3D metamaterials tubes were characterized as the terahertz wave 
propagates through the tubes, which is illustrated in Fig. 7.1 (d). Due to the isotropic properties 
in the plane perpendicular to the axis of the metamaterials tube, the 3D metamaterials tube can 
be rotated by the axis freely and the transmission spectra are kept the same. The influence of the 
polarization of incident terahertz wave on the spectra is eliminated. This polarization-insensitive 
advantage of the 3D metamaterials tube offers the great flexibility by either polarized or non-




Figure 7. 2 Transmission spectra of the metamaterials tubes at different diameters of 
6.20, 5.50, 5.00, 4.50, and 4.00 mm. 
 
Figure 7.2 shows the transmission spectra of the 3D terahertz metamaterials tubes at different 
diameters. By decreasing the diameter of the metamaterials tube from 6.20 to 4.00 mm, the 
resonance frequency shows blue shift from 0.75 to 1.13 THz with the tuning ranges up to 0.38 
THz, equally to 50.6% of the resonance frequency of the 2D metamaterials f0 (0.75 THz). The 
large tuning range can make terahertz metamaterials covering a broad frequency band by 
coupling together with the conventional red shift tunability. The tuning range is 1.94 times of the 
results in Ref. 10 which was the first report on the blue shift tunability recently. The frequency 
blue shift with the diameter decreases attributes to the interactions among the neighboring SRR 
unit cells on the curved surface of the metamaterials tube. 
 119 
 
As the terahertz wave propagates through the metamaterials tube, the SRR unit cells on the plane 
related to the terahertz wave polarization direction can be divided into three zones, which is 
shown in Fig. 7.3 (a). Zone 1 contains the SRRs array which is perpendicular to the magnetic 
field of the incident terahertz wave. These are the arrays of SRRs in the top and bottom of the 
metamaterials tube in Fig. 7.3 (a). The SRRs in Zone 1 contribute to the resonance, which will be 
discussed in the following paragraphs. Zone 2 contains the SRRs array which is parallel to the 
magnetic field of the terahertz wave. These are the line arrays of SRRs at the left and right sides 
of the metamaterials tube as shown in Fig. 7.3 (a). In Zone 2, the magnetic field is parallel to the 
SRR plane, and does not result in the oscillation current. Therefore, the SRRs in Zone 2 do not 
contribute to the resonance. For the rest SRRs, which are classified into Zone 3, the scenarios of 
Zone 1 and Zone 2 are combined together. The perpendicular component of the incident 
magnetic field contributes to the resonance of SRRs array in Zone 3. 
 
Figure 7. 3 (a) Illustration of the three zones of a metamaterials tube separated 
according to the incident terahertz wave polarization direction, (b) illustration of 




In this study, the inductor-capacitor (LC) circuit model is adopted for illustrative explanations of 
this unique electromagnetic interaction. The LC resonance frequency is calculated by fR=(LC)-1/2. 
The capacitive component is determined by the gap size of the SRR unit cell. For the 3D 
metamaterials tube, the capacitive component (gap size) is small (2 μm) and can be neglected. 
(Change is 0.05% related to a diameter of 4.00 mm.) Therefore, the electrical interaction among 
the SRRs is ignored and only the magnetic coupling will be explained in the further discussion.  
 
Figure 7.3 (b) compares the magnetic field directions of the 2D planar metamaterials and 3D 
metamaterials tube in the neighboring SRR unit cells in Zone 1. For the 2D planar metamaterials, 
as the magnetic field H0 of the incident terahertz wave perpendicular to the SRRs, terahertz wave 
interacts with the SRRs at the LC resonance frequency, which induces the oscillation current 
inside each SRR. The oscillation current results in an induced magnetic field H’, which acts on 
the nearby SRRs in a direction opposite to the incident magnetic field H0. In this case, the 
interaction among the neighboring SRRs array is weak as the distances among the SRRs array 
are large (~100 μm). While for the 3D metamaterials tube, the distances among the SRRs array 
are shorten and the angles among the SRRs array changes. With the smaller distance, the 
interactions among the neighboring SRRs become stronger. The angle θ between the adjacent 
SRRs on the curved surface, depending on the curvature or the diameter of the metamaterials 
tube, making the induced magnetic fields intersect each other inside the hollow-core of the 
metamaterials tube. The magnetic field H0 of the incident terahertz wave at SRRL and SRRR can 
be decomposed into two components H┴ and H//. Only H┴ induces the oscillation current in 
SRRL and SRRR, which contributes to the resonance at 0.75 THz, and results in the induced 
magnetic field H’. With the smaller diameter of the 3D metamaterials tube, the distances among 
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the SRRs array become shorter and the induced magnetic field H’ increases as there are many 
SRRs distributing around the tube. For the metamaterials tube at a diameter of 4.00 mm, there 
are 126 SRRs made on the curved surface. All these 126 SRRs interact each other, which 
enhances the resonance blue shift.  
 










= • ,                                               (7-1) 
where f0 is the LC resonance frequency of the single SRR, f0=(L0C0)-1/2. L0 and C0 are the 
inductance and capacitance of the individual SRR, respectively. LΣ is the magnetic interaction 
among SRRs denoted as follows, which depends on the effective area between two neighboring 
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where S is the area of individual SRR determining its inductance and θ the angle between the 
two adjacent SRRs as illustrated in Fig. 7.3 (b). The effective area, proportional to LΣ, is 
determined by the projection area of one SRR to another SRR. As nθ is less than 90°, the 
projection is negative, leading to a destructive magnetic coupling among the SRRs. With the less 
inductance, the resonance frequency shifts to the higher frequency. In the actual case, besides 
these 3 nearest SRRs interact each other, the SRRs array on the curved surface at a further 
distance also contribute to the interactions. The resonance frequency blue shift results from the 






The numerical simulation was carried out by CST Microwave studio 2009 to study the magnetic 
interactions among the neighboring SRR unit cells on the curved surface. Three SRR unit cells at 
an angle θ were adopted in the simulation. Figures 7.4 (a) and (b) show the cross-section views 
of the magnetic field intensity of the neighboring SRR unit cells in Zone 2 and Zone 1 at 
different angles θ of 0°, 1°, 1.5°, 2° related to the 2D planar metamaterials and 3D metamaterials 
tubes at a diameter of 6.0, 4.0, 3.0 mm in the design, respectively. The magnetic field amplitude 
at SRR0 in Zone 1 decreases as the diameter decreases, while the magnetic field amplitude at 
SRR0 in Zone 2 keeps the same, not changing with the diameter of the 3D metamaterials tube. 
 
In the 2D planar metamaterials case (θ=0°), the incident magnetic field H0 induces the oscillation 
current inside the 3 SRR unit cells. The induced magnetic field at SRRL, SRR0 and SRRR 
interacts with each other, but the interaction is weak which can be neglected when distances 
among them are large. However, the interaction among the SRRs becomes stronger in the 3D 
metamaterials tube. As shown in the magnetic field intensity in Fig. 7.4 (b), the magnetic field 
intensity at SRR0 decreases from 21486 to 9500 A/m as the angle θ increases from 0° to 2°, due 
to the stronger destructive magnetic interactions among SRR0, SRRL, and SRRR. The oscillation 
current is presented in Fig. 7.4 (c). As the angle θ among the neighboring SRRs increases, the 
oscillation current at the center SRR0 becomes weaker. This is also a proof of the destructive 
magnetic interactions among the neighboring SRR unit cells. As the resonance intensity at the 
center SRR0 decreases, the resonance dip is less sharp at a smaller diameter, which can also be 




Figure 7. 4 Magnetic field intensity of the 3D metamaterials tubes (a) when the 
magnetic field is parallel to the SRR, and (b) when the magnetic field is perpendicular 
to the SRR, and (c) current density distribution when the magnetic field of incident 
terahertz wave is perpendicular to the SRR.  
 




Terahertz time-domain spectroscopy (THz-TDS) was widely used in the previous studies, which 
is also one of the versatile means to characterize the organic and biological materials by their 
spectral signatures in terahertz frequency range. However, to detect the transparent materials, 
such as paper, polymer, and cotton, is an impossible mission from the transmission or reflection 
spectra of THz-TDS. In the previous study, the 2D planar metamaterials were used to detect 
different kinds of liquid by immerging the metamaterials into the liquid. [14] The resonance was 
red shift due to the permittivity increase of the SRRs' surrounding environment. However, this 
method cannot be used to detect solid materials as they are difficult to be attached onto the 2D 
planar metamaterials. A novel solid-core metamaterials tube design was proposed to detect the 
transparent materials flexibly. In the experiment, cotton (Cotton Applicator, Techspray) and 
paper (Beautex@) were used as terahertz transparent materials. The 2D planar terahertz 
metamaterials made on the flexible PEN substrates were used to wrap against the samples to 
form the solid-core terahertz metamaterials tube at a diameter of 5.50 mm. In this case, the core 
material is changed from air to cotton or paper materials. The samples of the metamaterials tube 
were characterized in the same way as the hollow-core metamaterials tube. The transmission 





Figure 7. 5 (a) Transmission spectra of the 3D metamaterials tubes with the core 
materials as air, cotton, and paper, and (b) resonance red shift as a function of core 
diameter for the hollow-core and solid-core metamaterials tubes. 
 
There are significant resonance red shifts in these two cases as compared to the transmission 
spectra of the hollow-core metamaterials tube. The red shifts of the solid-core metamaterials 
tubes are 0.14 and 0.20 THz, respectively due to the increase of the core materials’ permittivity. 
This results in an increasing capacitive component in the view of the LC circuit. The control 
experiments were also carried out by wrapping the PEN films without the SRR arrays against the 
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cotton and paper samples at the same diameter of 5.50 mm. It is found that there is no resonance 
or resonance shift observed. Figure 7.5 (b) shows the theoretical and experimental results of the 
resonance frequencies of both hollow-core and solid-core metamaterials tubes as a function of 
core diameter. As the major natural materials have a permeability of 1 in terahertz regime, the 
core materials' refractive indices can be calculated by the resonance red shift. The refractive 
indices obtained from the experimental results match the published results very well, as shown in 
Table 7. 1. The larger the permittivity changes, the larger the red-shift is. It is a versatile 
characterization means in sensing applications by analyzing refractive index changes induced by 
the surrounding environment.  
 
Table 7. 1 Refractive indices from experimental results and published data. 
 
 
air cotton paper 
nexp 1 1.20 1.31 
npublished 1 1.15 1.46 
 
 
As the frequency resolution of the THz-TDS system is 0.0075 THz, the refractive index change 
as small as 0.00375~0.0075 can be detected by this novel means. The characterization can 
achieve the detection sensitivity of 0.5 to 1 THz/RIU (300,000~600,000 nm/RIU). Such an ultra-
sensitive characterization can enhance sensing capability in terahertz region. By measuring the 
red shift, the unknown materials wrapped inside the metamaterials tube can be identified by 
retrieving the refractive indices from the transmission spectra. The metamaterials tube can serve 
as a sensitive detector to identify the transparent materials in terahertz regime. Meanwhile, the 
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diameter of the 3D metamaterials tube can be changed flexibly for different resonance 
frequencies so as to map, characterize, and match unknown materials with spectral signatures. 
Furthermore, 3D solid-core metamaterials in different forms, such as cube, pyramid, or other 
complicated 3D shapes can be fabricated as well by fully employing the flexible metamaterials. 
It hence results in much enhanced applications for materials identification with ultra-high 




A novel 3D metamaterials tube with hollow-core was designed and fabricated to achieve the 
passive resonance tunability. The wide tuning range, up to 50.6% of f0, is achieved from 0.75 to 
1.13 THz as the diameter decreases from 6.20 to 4.00 mm. Meanwhile, it is a blue shift tunability 
which can extend the metamaterials working in the higher frequency. It provides a new approach 
to cover the wide terahertz regime by its combination with the conventional red shift frequency 
tunability. The resonance frequency blue shift as the diameter decreases is attributed to the 
destructive magnetic interactions among the neighboring SRR unit cells made on the curved 
surface. Furthermore, the polarization insensitive property due to the symmetric tube design also 
offers a great flexibility of the 3D metamaterials tube for the potential non-polarized terahertz 
wave applications. By wrapping up the 2D flexible metamaterials around the unknown 
transparent materials to form a solid-core metamaterials tube, it can be used to identify the 
unknown transparent materials by measuring resonance red shift resulted from the refractive 
index changes of the core materials. This approach novelty can address the challenge of the 
conventional THz-TDS in the characterization of the transparent materials. Furthermore, it can 
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detect the refractive index change as small as 0.0075 by the conventional THz-TDS for the ultra-
sensitive sensing applications. The metamaterials tube can realize various new functions by its 
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In this thesis, the design, fabrication, and characterization of two-dimensional (2D) and three 
dimensional (3D) terahertz metamaterials were studied to realize the tunable and broadband 
resonance. Terahertz metamaterials are the promising materials to make terahertz devices, given 
their strong resonance properties with the tunable features. The tunability of metamaterials gives 
rise to the control in different resonance frequencies and intensities, which is a crucial issue in 
building tunable terahertz devices. Asymmetric SRR metamaterials, hybrid metamaterials, and 
multi-layer metamaterials were investigated in this thesis research. A novel metamaterials design, 
3D metamaterials tube, was proposed and studied to achieve passively resonance tunability over 
a broad frequency band, while the ultra-sensitive materials identification was also demonstrated 
with 3D metamaterials tube. 
 
Firstly, the study started with the fabrication of wire-grid terahertz polarizers and terahertz 
metamaterials by photolithography and laser micro-lens (MLA) array lithography on quartz and 
silicon substrates. A wire-grid terahertz polarizer with the average polarization factor of 0.97 in 
the broad frequency band from 0.1 to 3.5 THz was designed and fabricated. The performance of 
the wire-grid polarizer on quartz substrates is superior than the commercial products made by 
winding the metallic wires. Another advantage of the wire-grid polarizers on the quartz 
substrates than the commercial product is that it is not fragile, which is easy for handling in the 
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practical applications. The wire-grid polarizer was used to measure the polarization dependent 
loss (PDL) spectrum of terahertz metamaterials, which is a novel characterization method. This 
PDL spectrum can effectively eliminate the influence of substrate on transmission property of 
the metamaterials, which presents the transmission spectrum as the free-standing terahertz 
metamaterials. Without the substrate effect, PDL spectrum can help to understand the resonance 
property of pure metallic metamaterials. As compared to the transmission spectrum, PDL 
spectrum shows a significant increased resonance intensity, as well as a resonance blue shift. 
Laser MLA lithography was used in the metamaterials fabrication, which can generate large-area, 
high-quality structures within a short time. As the metamaterials can be scaled up or down to 
operate in microwave or infra-red regime, this fast speed fabrication method can be applied to 
fabricate metamaterials in the other frequency regimes by using the MLA with the different 
periods and spot sizes etc. 
 
Secondly, 2D asymmetric metamaterials were studied to obtain the tunable resonance frequency 
by varying the gap size of one side. The resonance frequency shows blue shift from 0.85 to 0.98 
THz as the variable gap size increases from 2 to 14 μm, which is attributed to the capacitive 
component of the variable gap increases. Meanwhile, the electric field intensity at the fixed gap 
increases significantly when the variable gap increases. The high electric field intensity can be 
used for high sensitivity detection. As the resonance frequency depends on the geometrical 
parameters of the SRR unit cells, the SRRs with different sizes were combined together on the 
2D planar sample in order to build a broadband terahertz metamaterials. Two types of hybrid 
metamaterials were fabricated by changing the gap size and the unit cell size. However, the 
hybrid metamaterials combined of SRRs with different gap sizes can provide the broadband 
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effect. As the structure density of SRRs array increases, the influence of the mutual coupling 
among the SRR unit cells on the resonance dip must be taken into consideration as the distance 
between the adjacent SRRs decreases, which was also simulated by CST Microwave Studio 2009 
software. The broadband metamaterials can be used to make broadband terahertz devices which 
can cover the broad terahertz regime.  
 
Thirdly, 3D multi-layer metamaterials with two different designs were fabricated, and 
characterized to realize the enhanced and broadband resonance, respectively. In this work, PEN 
films with the thickness of 100 μm were used as the substrates. It has the advantages of low loss 
in the terahertz regime and flexibility over the silicon and quartz plates. 3D multi-layer 
metamaterials were fabricated by stacking 2D planar metamaterials into multi-layer form. Two 
types of multi-layer metamaterials were fabricated, one with the identical SRR design in each 
layer for enhanced resonance, while the other with the different SRR designs for broadband 
resonance. The resonance of the multi-layer metamaterials with the identical SRR design was 
enhanced up to 10,000 times as compared to the single layer metamaterials. Meanwhile, the 
resonance intensity can also be tuned by the layer number. For the broadband resonance, multi-
layer metamaterials with different designs were also investigated. A broadband resonance of 0.38 
THz was realized. Although it was in broadband resonance, the advantages of the multi-layer 
broadband metamaterials include that the mutual coupling was effectively eliminated, which 
makes the design for resonance bandwidth easier. Without the mutual coupling, the roll-off value 
of the resonance spectrum also increases, so that the 3D multi-layer metamaterials can be used as 
a broadband terahertz filter. Although the multi-layer metamaterials can be named as the 3D 
metamaterials, it cannot be extended in the stacking direction with a large number of 2D 
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metamaterials due to the increased loss. Therefore, multi-layer metamaterials cannot be claimed 
as the bulk metamaterials. To further promote their practical applications, 3D metamaterials with 
similar sizes in the three dimensions are necessary to be developed. 
 
Lastly, a novel 3D metamaterials design was proposed, which is in the tube form by rolling up 
the 2D metamaterials on the flexible PEN substrates. In this work, the mechanical flexibility of 
the PEN films was fully explored. The 3D metamaterials tube can realize a passive frequency 
tunability with a blue shift from 0.79 to 1.13 THz into higher frequency by decreasing the 
diameter of the 3D metamaterials tube from 6.20 to 4.50 mm. Without the external control 
sources, the size of the metamaterials can be reduced significantly, and used in the compact 
terahertz sensing and detection systems. With the combination of the conventional red shift 
tunable method, the metamaterials tube is promising to cover the whole terahertz regime. 
Meanwhile, it can also be used for ultra-sensitive materials identification. By combining the 
metamaterials tube with the current THz-TDS, the refractive index change down to 0.0075 can 
be detected, which is ultra-sensitive terahertz sensing and detecting. 
 
8.2 Future work 
 
Future studies on this research can be extended to: 
 
1. With the hybrid broadband metamaterials, the broadband effect is not as good as that of the 
multi-layer metamaterials, due to the mutual coupling between the adjacent SRRs. If the 
mutual coupling can be removed, the broadband resonance should be obtained in the 2D 
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hybrid metamaterials. In this sense, a MLA with larger period ( > 150 μm) needs to be used 
in the fabrication. After the 4 step exposure, the period of the SRRs is 75 μm, which is large 
enough to avoid the mutual coupling. However, the larger line width produced by the larger 
MLA radius is also a factor to be taken into consideration. 
 
2. In the simulation of the electric field intensity, a large electric field enhancement can be 
observed at the gap regions. So far this results were only shown in simulation. How to scan 
the electric field distributions experimentally is a critical issue in the terahertz metamaterials 
research. Meanwhile, how to image the electric field intensity is another interesting research 
work for terahertz near-field scanning.  
 
3. In the multi-layer metamaterials, each metamaterials layer works individually as the 
thickness PEN film is 100 μm, which is large enough to prevent the inter-layer interactions. 
Yet, based on the simulation results, the interaction is getting significant when the thickness 
of PEN film is smaller than 50 μm. If the thinner PEN films are used as the substrates, the 
rich physics behind the interaction can be studied, which can be another fold of resonance 
tuning method. But it will also bring about the challenges in the fabrication when the films 
are too thin. The technical issues associated also need to be solved. 
 
4. To further explore the mechanical flexibility of metamaterials made on the PEN film, the 
metamaterials with different shapes can be investigated, such as pyramid, cone, and sphere. 
These metamaterials proposed can be used to make cloak and superlense, which have been 
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realized in microwave regime. To make the terahertz cloak and superlense is of both 
scientific interest and potential applications. 
 
5. The ideal 3D bulk metamaterials should be made with the similar dimensions in the three 
orthogonal directions. The effective material theory also requires that the size of individual 
structure should be larger than 1/6 of the wavelength. In order to improve the metamaterials 
tube further, multi-layer metamaterials tube can be another research direction. But the 
complex inter-layer coupling should also be taken into consideration seriously. 
